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ABSTRACT 
 
     The trace element composition of pyrite has been used to explore for hydrothermal ore 
deposits and to understand ore-forming processes. However, the effects of metamorphism 
on the trace element distribution in pyrite have received relatively limited attention. In this 
study, laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) 
analyses of pyrite and pyrrhotite, along with minor amounts of sphalerite, chalcopyrite, and 
galena, are used to evaluate the effects of amphibolite facies metamorphism on the trace 
element distribution and remobilization of metals in iron sulfides in the clastic sediment-
hosted Cambrian Nairne Pyrite Member (NPM), South Australia. The NPM and the Mt. 
Torrens Pb-Zn-Ag prospect, which occurs near the base of the Kanmantoo Group, preserve 
irregularly zoned subhedral to euhedral metamorphic pyrite (Py1) and anhedral pyrrhotite 
(Po1), along with relatively minor quantities of remobilized anhedral pitted and cataclastic 
pyrite (Py2a) in quartzofeldspathic rocks and anhedral inclusion-poor pyrite (Py2b) in calc-
silicate rocks that armor or cross-cut earlier formed Py1. Rare anhedral secondary 
melnikovite pyrite (Py3) locally formed on the margins of Py1 and Py2a. Trace element 
studies show that Py1 in the NPM at Brukunga and Ironstone Ridge contains mean values 
of 1254 ppm Co, 123 ppm Ni, 2167 ppm As, 16 ppm Se, 10 ppm Cu, 25 ppm Zn, and 15 
ppm Pb, whereas Py1 in the Mt. Torrens prospect contains mean values of 2312 ppm Co, 
263 ppm Ni, 1835 ppm As, 95 ppm Se, 9 ppm Cu, 6 ppm Zn, and 9 ppm Pb. Inclusion-rich 
cores of Py1 show higher concentrations of trace elements than inclusion-free rims with 
minor amounts of chalcopyrite, galena, and sphalerite forming along grain boundaries or 
in fractures within pyrite. This is interpreted to be the result of the release of Cu, Pb, and 
		
vi	
Zn from pyrite as it recrystallized. Remobilization of these elements then formed discrete 
sulfides at the millimeter to centimeter scale, with some exceptions at the meter scale where 
chalcopyrite, sphalerite, and galena, along with other sulfides and sulfosalts, formed in 
veins and tension gashes.  These observations suggest that remobilization was essentially 
an in situ process and that sulfides did not migrate more than a few meters at most. 
Moreover, despite the recrystallization of pyrite and pyrrhotite and subsequent 
remobilization, some trace elements (e.g., Co, Ni, As), which occur as stoichiometric 
substitutions in these Fe sulfides, still retain elevated concentrations at amphibolite facies 
conditions. 
Remobilization of metals from the NPM during metamorphism to form Cu-Au (e.g., 
Kanmantoo) and Pb-Zn-Ag-(Cu-Au) (e.g. Angas, Wheal Ellen) deposits in the Tapanappa 
Formation, stratigraphically higher in the Kanmantoo Group, seems unlikely. However, it 
is possible that one source of metals for these deposits could have been leached from the 
NPM and carried in large hydrothermal cells prior to metamorphism. Such a scenario is 
consistent with previously published sulfur isotope data for sulfides from the NPM, and 
Cu-Au and Pb-Zn-Ag-(Cu-Au) deposits, which indicate that sulfur derived from the NPM 
and pyritic schists in the Kanmantoo Group was a likely source of sulfur for the base and 
precious metal deposits.  
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CHAPTER 1 
INTRODUCTION 
 
     Questions regarding the mobility of metallic elements as a result of recrystallization of 
pyrite during amphibolite facies metamorphism and whether these elements can 
subsequently form Cu-Pb-Zn-(Au-Ag) deposits are, as of yet, largely unresolved. These 
questions are addressed by studying the trace element composition of pyrite and pyrrhotite 
in the Nairne Pyrite Member (NPM), South Australia, one of the longest iron sulfide-
bearing units in the world (extends intermittently for at least 100 km). The Kanmantoo 
Group, which hosts the NPM, consists of a structurally thickened package (~ 7-8 km thick; 
Haines et al., 2001) of Cambrian quartzites, graywackes, pyritic units, and siltstones 
metamorphosed from the lower to upper amphibolite facies. The base of the NPM hosts 
the small Mt. Torrens Pb-Zn-Ag deposit, whereas the Angas, Scotts Creek and Wheal Ellen 
Pb-Zn-Ag-(Cu-Au) and Kanmantoo Cu-Au deposits, as well as minor pyritic schists occur 
higher up in the Kanmantoo Group within the Tapanappa Formation (Seccombe et al., 
1985; Both, 1990; Gum, 1998; Toteff, 1999).  
     Pyrite is the most common sulfide found in nature and is ubiquitous in most 
hydrothermal ore deposits. Its open structure allows it to incorporate significant quantities 
of trace elements (e.g., Cu, Pb, Zn, As, Se, Co, Ni). Trace element studies of pyrite provide 
information on ore paragenesis, the source of metals, the origin of various ore deposits, and 
how trace elements can be used to vector to hydrothermal ore deposits (e.g., Large et al., 
2007; Gregory et al., 2015; Steadman et al., 2015; Mukherjee and Large, 2017; Soltani 
Dehvani et al.; 2018). Utilizing data obtained from proton microprobe analyses of pyrite, 
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chalcopyrite, and sphalerite from volcanogenic massive sulfide (VMS) deposits in eastern 
Australia, Huston et al. (1993, 1995) showed that metamorphic growth and subsequent 
recrystallization of pyrite liberated some trace elements (e.g., Bi, Pb, Mo, Cu, Ag), which 
occur as non-stoichiometric substitutions and/or nano inclusions, to grain boundaries to 
either form new minerals or to be incorporated in coexisting sulfides. Large et al. (2007) 
evaluated the trace element distribution of pyrite in rocks metamorphosed to the chlorite-
sericite subfacies of the greenschist facies in the sediment-hosted Sukhoi Log Au deposit, 
Russia, and proposed that the trace element content of recrystallized and metamorphic 
pyrite (e.g., Pb, Cu, Zn, Ag, Te, and Au) was lower than earlier formed hydrothermal and 
diagenetic pyrite because certain trace elements were partitioned into individual sulfides 
rather than being incorporated into the structure of pyrite. Genna and Gaboury (2015) 
subsequently demonstrated that in evaluating the composition of pyrite in the Bracemac-
McLeod Zn-Cu-Ag-Au VMS deposit, which was also metamorphosed to the sericite 
subfacies of the greenschist facies, there was expulsion of some base and precious metals 
from pyrite during metamorphism, while there was retention or even enrichment of other 
metallic elements including Ni, Co, As, Sb, Tl, and Se.  A recent trace element study of 
sulfides, including pyrite, by Kampmann et al. (2018) from the Falun Zn-Pb-Cu-(Au-Ag) 
has highlighted the effects of metamorphism on pyrite at lower amphibolite facies 
conditions to liberate metals such as Pb, Bi, Au, and Se to form discrete grains of sulfides, 
sulfosalts, and native Au. Similarly, Huston (1993) proposed that some non-stoichiometric 
elements were expelled from pyrite in the Rosebery (greenschist facies) and Dry River 
South (amphibolite facies) VMS deposits. 
    Skinner (1958), LaGanza (1959), George (1969a,b), and Nenke (1972) consider the 
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NPM to be a metamorphosed sedimentary Fe sulfide deposit. Given the light δ34S values 
of -20 to -12 ‰ for pyrite in the NPM and pyritic schists stratigraphically higher in the 
Kanmantoo Group, sulfur was considered to have been produced by biogenic reduction of 
seawater sulfate in anoxic basin waters (Jensen and Whittle, 1969; Seccombe et al., 1985; 
Gum, 1998). Sulfur isotope compositions of sulfides from the base metal sulfide deposits 
are isotopically heavier (δ34S = -9 to +15 ‰; Seccombe et al., 1985; Gum, 1998) than those 
from the Fe-S deposits but suggest the source of sulfur in the Cu-Au and Pb-Zn-Ag-(Cu-
Au) deposits was, in part, derived from the pyritic units (Seccombe et al, 1985). However, 
it is unknown whether these same pyritic units were a possible source of Cu, Pb, Zn, Ag, 
and Au for the base metal deposits. Trace elements studies of pyrite, pyrrhotite, 
chalcopyrite, and sphalerite from the NPM and other pyritic schists in the Kanmantoo 
Group are compared here to the composition of the same minerals in the Kanmantoo Cu-
Au, and the Aclare, Wheal Ellen, and Angas Pb-Zn-Ag deposits (Fig. 1). The main focus 
of the study is on the Brukunga Fe-S deposit in the NPM, located ~45 km east of Adelaide 
and 6 km north of Nairne, on the eastern edge of the Mount Lofty Ranges, which was 
mined from 1955 to 1972 for the production of sulfuric acid, and the Mt. Torrens prospect. 
In this part of the NPM, rocks were metamorphosed to the lower-middle amphibolite facies.  
     The aims of this contribution are to determine: 1. The trace element concentration of 
pyrite and pyrrhotite (and to a lesser extent sphalerite and chalcopyrite) in three groups of 
deposits (pyrite-pyrrhotite units, Cu-Au, and Pb-Zn-Ag-(Cu-Au) in the Kanmantoo Group 
to evaluate how lower to middle amphibolite facies metamorphism affects trace element 
distribution and concentration in these sulfides; and 2. Whether or not the pyritic units 
could have been a source of base and precious metals to the Cu-Au and Pb-Zn-Ag deposits. 
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CHAPTER 2 
REGIONAL GEOLOGY 
 
     The NPM occurs within the Cambrian Kanmantoo Group along the southern part of the 
Adelaide Fold Belt, southeast of the Mount Lofty Ranges (Fig. 1). The Kanmantoo Group 
is a package of metamorphosed pelitic, psammitic and minor carbonate rocks deposited 
into the fault-controlled Kanmantoo Trough that occurs unconformably above the Early 
Cambrian Normanville Group (Belperio et al., 1998; Jago et al., 2003).  East-directed 
subduction along the palaeo-Pacific margin of Gondwana relating to the Ross Orogen 
created this extensional tear basin, which is bound by steep growth faults (Belperio et al., 
1998; Flöttmann et al., 1998). Palaeocurrent evidence suggests high-load-capacity rivers 
from the south, sourced from tectonically active regions along the Ross Orogen, provided 
the main sediment input to the basin (Haines et al., 2001). The onset of the compressional 
Late Cambrian Delamerian Orogeny terminated the sedimentation in the Kanmantoo 
Trough (Belperio et al., 1998).  
     The thick package of clastic sediments that constitute the Kanmantoo Group were 
deposited rapidly as deep-water turbidity or sediment gravity flows (e.g., Belperio et al., 
1998; Haines et al., 2001). The stratigraphic nomenclature of the Kanmantoo Group has 
been revised over the years by Forbes (1957), Thomson and Horwitz (1962), Mirams 
(1962), Daily and Milnes (1971, 1972, 1973), Dyson et al. (1996), and Jago et al. (2003). 
Utilizing the nomenclature of Jago et al. (2003), the Kanmantoo Group is subdivided into 
the basal Keynes Subgroup and the upper Bollaparudda Subgroup. Sequence boundaries, 
identified by Gravestock and Gatehouse (1995) and Gum (1998), separate these subgroups 
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from each other and the older Normanville Group. The Keynes Subgroup consists of 
metamorphosed fine-grained sandstone, siltstone and minor carbonates, and contains 
minor stratabound Pb-Zn-Ag-Au deposits (Belperio et al., 1998). The majority of sulfide 
deposits in the Kanmantoo Group is confined to the Bollaparudda Subgroup, specifically 
within the Talisker and Tapanappa Formations. The Talisker Formation represents a deep 
basinal facies sequence of metamorphosed sandstone, siltstone and mudstone with sulfide-
rich zones (Daily and Milnes, 1971; Gum, 1998). On the eastern limb of the Kanmantoo 
syncline, the NPM consists of laminated beds of pyrite and pyrrhotite at the base of the 
Talisker Formation where it hosts the Brukunga Fe-S and Mt. Torrens Pb-Zn-Ag deposits. 
The Tapanappa Formation overlies the Talisker Formation and hosts most of the Cu-Au 
(Kanmantoo, South Hill, Bremmer) and Pb-Zn-Ag-(Cu-Au) deposits (Angas, Scotts Creek, 
Wheal Ellen) in the Kanmantoo Group (Daily and Milnes, 1972; Gum, 1998). Rocks of the 
Tapanappa Formation consist predominantly of metamorphosed graywackes, siltstones, 
and interbedded pyritic-mudstones (Belperio et al., 1998; Flöttmann et al., 1998; Gum, 
1998; Jago et al., 2003). Many of the Cu-Au and Pb-Zn-Ag-(Cu-Au) deposits occur in 
zones of stratabound alteration that consists of quartz-biotite-garnet-andalusite±staurolite 
rocks (Seccombe et al., 1985; Toteff, 1999).  
     Jenkins et al. (2002) showed that the maximum age of initiation of sediment deposition 
into the Kanmantoo Trough was confined to 522 ± 2 Ma, which was based on U-Pb dating 
of zircon in a tuff layer underlying the Kanmantoo Group. U-Pb zircon ages of the earliest 
syntectonic granite (Rathjen Gneiss, Foden et al., 1999, 2006) defines the onset of the 
Delamerian Orogeny at 514 ± 3 Ma and termination of sedimentation. These ages constrain 
sedimentation of the Kanmantoo Group to a period of 8 ± 5 Myr.  
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     The Delamerian Orogeny lasted 24 ± 5 Myr (Foden et al., 2006), during which time 
rocks within the Adelaide Fold Belt were subjected to three ductile deformation events and 
regional metamorphism (Offler and Fleming, 1968; Belperio, 1998). The most ubiquitous 
and first deformation event (D1) produced asymmetric upright folds (F1) and slaty cleavage 
(S1) with decreasing intensity from south to north. The second (D2) and third (D3) 
deformation events are best recognized on the eastern side of the Mt. Lofty Ranges. The 
less pervasive (D2) forms mesoscopic open folds (F2) and weak crenulation (S2) 
overprinting (D1) structures. Macroscopic upright open folds (F3) form the dominant 
structures in the Kanmantoo Group (Kanmantoo Syncline, Strathalbyn Anticline, Karinya 
Syncline) and created an (S3) crenulation (Offler and Fleming, 1968; Mancktelow, 1990; 
Belperio, 1998). Metamorphism is of the low-P and high-T type ranging from the 
greenschist facies (~350-400 °C) in the north and west to the upper amphibolite facies 
(~540-630 °C) in the south and east (Fleming and White, 1984; Mancktelow, 1990; 
Sandiford et al., 1990; Dymoke and Sandiford, 1992; Oliver et al., 1998; Foden et al., 
1999), with local areas of migmatite around syntectonic igneous intrusions (Hammerli et 
al., 2015). The syntectonic granites are mostly confined to the core of the orogen (eastern 
Mt Lofty Ranges, Fleurieu Peninsula and Kangaroo Island) where heat provided by these 
intrusions formed a metamorphic gradient (Foden et al., 1999).  Following orogenesis, 
post-tectonic A-type granite and mafic rocks were intruded between ~490 and 480 Ma 
(Foden et al., 1999, 2006).  
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CHAPTER 3 
SAMPLING, ANALYTICAL METHODS, AND DATA CLASSIFICATION 
 
3.1. Sample Collection 
     One hundred and fifty-four samples were obtained from diamond drill cores Nairne 
Pyrites 13 (n = 30) and Nairne Pyrites 10 (n = 26) from the NPM, Mt. Torrens (DD84KA1 
(n = 26), DD84KA2 (n = 17), DD84KA3 (n = 7), 81mt-D1 (n = 12), 77mtDD1 (n = 12), 
77mtDD2 (n = 7), 77mtDD4 (n = 5), and 77mtDD5 (n = 4)), and Wheal Ellen Pb-Zn-Ag 
prospect (W3A (n = 3), and W6 (n = 5)). Samples were also collected from outcrops at the 
Scotts Creek Pb-Zn-Ag deposit, and from pyritic schist units and the NPM in road cuts 
along the Southeastern Freeway, east of Mt. Barker and west of Callington. Thirty 
polished-thin sections derived from drill hole Nairne Pyrite DDH-9 (Seccombe et al., 1985) 
were also evaluated. Polished-thin sections from the Kanmantoo Cu-Au (KMT125-10; 
KMT149-305), Angas Pb-Zn-Ag (Ang-12 (DDH29-194.0) and Ang-20 (DDH29-206.0)), 
and Wheal Ellen Pb-Zn-Ag deposits (WH006-150; 501-113) were analyzed using laser 
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) techniques and 
were obtained from archive collections at Iowa State University that were part of the 
studies of Spry (1976), Tott et al. (2016), and Pollock et al. (2018). Petrographic studies 
were conducted with an Olympus BX-60 dual reflected-transmitted light microscope at 
Iowa State University. 
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3.2. Analytical Methods 
     Major element compositions of sphalerite, amphibole, scapolite, chlorite, biotite, 
hyalophane, plagioclase, tourmaline, andalusite, epidote, muscovite and garnet from the 
NPM and the Mt. Torrens prospect were obtained using a JEOL JXA-8900 Electron 
Probe Microanalyzer at the University of Minnesota. Operating conditions for the 
analyses of silicates were 15 kV accelerating voltage with a 20 nA beam current, a 1-2 
µm spot size, and mineral standards including hornblende (Si, Al, Mg, Ca), ilmenite (Ti, 
Fe), albite (Al, Na), barite (Ba), spessartine (Al, Mn), pyrope (Si, Mg), K-feldspar(K), 
gahnite (Zn, Al), tugtupite (Cl), and apatite (F). An accelerating voltage of 20 kV was 
used for sulfides, a 20 nA beam current, and a 1-2 µm spot size. Standards used were 
native elements for Zn, Fe, Cd, Mn, and S. 
     Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) data were 
collected at the Queen’s Facility for Isotope Research. Pyrite, pyrrhotite, chalcopyrite, 
sphalerite, and galena were analyzed from the NPM, Mt. Torrens Pb-Zn-Ag prospect, 
pyritic schists, and the Kanmantoo Cu-Au, Angas Pb-Zn-Ag, and Wheal Ellen Pb-Zn-Ag-
(Cu-Au) deposits using a ThermoScientific X Series 2â quadrupole ICP-MS coupled to a 
NewWave/ESI 193-nm ArF Excimer laser system. The isotopes measured were 107Ag, 
75As, 197Au, 137Ba, 209Bi, 44Ca, 111Cd, 59Co, 52Cr, 133 Cs, 65Cu, 57Fe,72Ge, 115In, 71Ga, 72Ge, 
24Mg, 55Mn, 95Mo, 60Ni, 208Pb, 85Rb, 121Sb, 45Sc, 77Se, 118Sn, 88Sr, 34S, 232Th, 47Ti, 205Tl, 51V, 
182W, and 66Zn. The complete dataset for each mineral is given in the Appendix (Tables 
A9-A17).  
     This study used lines ablated across sulfide grains instead of point analysis in order to 
gain a better ablation profile and determine if compositional zoning was present. Prior to 
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each analysis, 15 to 30 s of background analysis of the gas blank was measured. A beam 
diameter of 35 with a scan rate of 10 µm/s was used for all grains. The laser pulse frequency 
was 25 Hz. Care was taken when picking the locations for the lines in order to minimize 
the ablation of any visible inclusions.  
     Elemental maps were also made to better understand the spatial distribution of the trace 
elements present in the different types of pyrite and to complement the data derived from 
the line analysis. Using the same instrument from which the line analyses were obtained, 
the maps were carried out by ablating a series of lines that covered the desired grain. Each 
line had a 15 s gas blank acquisition prior to ablation and used a beam size of 20 µm, a 
scan rate of 10 µm/s and laser pulse frequency of 25 Hz. The beam size was reduced for 
the maps to allow for more detail. The LA-ICP-MS data were reduced with Iolite 3.0 to 
create quantitative counts per second elemental maps.  
     Data processing of the line analyses was done through Thermo Electron Corporation’s 
PlasmaLab software to choose the areas of interest to be integrated. Areas of interest on 
each individual line were chosen and separated based on the: 1) sulfides present, 2) texture 
of the sulfide, 3) potential of having trace element zonation within the grain of sulfide, and 
4) exclusion of micro-inclusions where possible. The integrated areas were made as large 
as possible, with all these parameters in mind, in order to ensure adequate counts.  
     For both the line and map analyses, standards were analyzed at the beginning and end 
of each session to account for any analytical drift that may have occurred. A calibration 
curve using NIST610, NIST612, and NIST614 (Pearce et al., 1997) was used to plot the 
raw sulfide data  
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3.3. Data Classification 
     To unconstrain the data used for multivariate statistics and to more easily recognize 
patterns in the dataset, a centered log-ratio (CLR) transformation was applied using 
CoDaPack version 2.01.15 (Muriithi, 2015). Using a multivariate statistical approach, trace 
element data for pyrite were discriminated through principal component analysis (PCA) 
using JMP Pro version 11.0.0. Principal component analysis is a statistical method that 
extracts the dominant sources of variation (i.e., principal components are the eigenvectors 
of a variance-covariance matrix) in a multivariate dataset, thereby distinguishing trends in 
large datasets (Davis, 2002). In the present study, the PCA includes the elements As, Co, 
Cr, Cu, Ge, Mn, Ni, Pb, Se, V, and Zn.  
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CHAPTER 4 
LOCAL GEOLOGY 
 
4.1. Nairne Pyrite Member (Brukunga Fe-S Deposit and Ironstone Ridge) 
     Although intermittent exposures of the NPM occur for ~100 km and were folded by a 
regional N-S trending south plunging F2 fold (Fig. 1), stratiform iron sulfide-bearing 
horizons are thickest in the Brukunga Fe-S deposit whereas the NPM near Monarto is 
essentially devoid of sulfides (Skinner, 1958; Gum, 1998).  The orientation of the NPM, 
which dips ~70° east and strikes north-south, was controlled by a series of anticlines and 
overturned synclines that formed during D2 (Skinner, 1958; LaGanza, 1959; Mason, 1968). 
The NPM consists of a sequence of discontinuous horizons of metamorphosed pyrite-
pyrrhotite-rich shale, graywacke, siltstone, and dolomite near the base of the Talisker 
Formation (Skinner, 1958; LaGanza, 1959; Nenke, 1972). The last rock type constitutes 
~10 volume % of the rocks in the NPM (Skinner, 1958) and comprises calc-silicate rocks 
that contain quartz, plagioclase, tremolite, phlogopite, muscovite, calcite, scapolite, and 
minor pyrite and pyrrhotite (George, 1969b). The calc-silicate rocks occur at the 
stratigraphic top and bottom of the NPM and have been traced southward from the 
Brukunga area to Ironstone Ridge (Mason, 1968; Gum, 1998). The predominant non-
sulfide mineral assemblages in the metamorphosed clastic rocks, which constitute ~90% 
of the rocks, is quartz-muscovite-albite-microcline ± (sericite, apatite, andalusite) with 
lesser amounts of quartz-muscovite-albite ± (andalusite, kyanite) (Skinner, 1958).  Trace 
amounts of non-metallic minerals in the clastic rocks include grunerite, graphite, chlorite, 
garnet, titanite, apatite, biotite, sillimanite and zircon, along with secondary jarosite.   
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     The NPM has a well-developed foliation that largely parallels coarse (up to ~ 3mm 
wide) and fine-grained (up to 0.6 mm wide) bedded layers (Fig. 2a; Skinner, 1958). The 
stratiform iron sulfide horizon is thickest at Timmin’s Hill (450 m) and thins out to 35 m 
thick at Ironstone Ridge, six km to its south. Two main sulfide-bearing units constitute the 
NPM in the Brukunga area and range in thicknesses from ~15 cm to 120 m, but average 
~15 to 30 m thick. They are separated by ~450 m of sulfide-poor quartzite and meta-
graywacke (Skinner, 1958). Three pyritic layers, ~1 m thick, occur stratigraphically above 
the two main sulfide-bearing units (Skinner, 1958). In the Brukunga area, three sulfide beds 
were mined (Orebody 1, Orebody 2, Orebody 3) and were separated by two so-called 
“waste zones” (Fig. 3; George, 1969b). Beds 1 to 3 contain ~12 volume % pyrite with some 
areas containing up to 25%, and ~6-8 volume % pyrrhotite in meta-graywacke, schists, and 
minor calc-silicate rocks (Fig. 3). The quartzofeldspathic waste zones contain up to ~2 
volume % pyrite and up to 2 volume % pyrrhotite (Mason, 1968). Graphite varies from 1.0 
to 2.4% of the ore beds (Nenke, 1972). At Ironstone Ridge, the NPM dips 45°-70° E and 
thins southward until it pinches out near Tinpot (Skinner, 1958). The Fe sulfide 
mineralization at Ironstone Ridge occurs in two stratiform beds separated by a single waste 
zone.   
     Remobilized sulfides occur in veins (rarely > 2 m in length) in places, in the axial planes 
of small scale folds, tension gashes, fractures, and small veinlets crosscutting bedding that 
are considered to have formed syn- or post-peak metamorphism (Fig. 2a; Skinner, 1958; 
LaGanza, 1959; George, 1969a).  
     There is little difference in the silicate phases of the ore and wastes beds found in the 
NPM. The ore beds tend to be slightly more micaceous, whereas the waste beds tend to be 
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predominately quartzofeldspathic, with minor calc-silicates. Mirams (1965), George 
(1969a), and Schiller (2000) show that the NPM are elevated in Cu, Pb, and Zn relative to 
the surrounding schists and quartzites. Mirams (1965) demonstrated that the Orebody 2 
contains an average of 700 ppm Cu, 6200 ppm Zn, and 700 ppm Pb. Although Schiller 
(2000) reported samples with up to 1.59% Zn and 1.78% Pb in pyritic rocks from the 
Brukunga mine. George (1969b) noted that ferromagnesian silicates (e.g. biotite and 
amphibole) in the Fe sulfide-rich beds tend to be more Mg-rich, whereas silicates in the Fe 
sulfide-poor beds are more Fe-rich. The likely reason for this is that the Fe component of 
the ferromagnesian silicate reacted with excess sulfur to form an iron sulfide during 
metamorphism, thus enriching the ferromagnesian silicate in Mg.  
     The metamorphic grade in the Brukunga area is estimated to be lower-middle 
amphibolite facies, which is based on plagioclase compositions of ~Ab60 An40 in the clastic 
rocks (Skinner, 1958), and the presence of all three aluminosilicates as andalusite-kyanite 
and sillimanite-kyanite assemblages. Based on sphalerite compositions obtained from 
Skinner (1958), and utilizing the sphalerite geobarometer of Hutchison and Scott (1981), 
Spry et al. (1988) determined a peak metamorphic pressure of 4.1 ± 0.3 kb. This pressure 
is consistent with that of the aluminosilicate triple point conditions of 3.75 ± 0.25 kb at 504 
± 20 oC (Holdaway and Mukhopadhyay, 1993). 
      
4.2. Pyritic Schist 
     Pyritic schists occur intermittently throughout the Tapanappa Formations and 
immediately above the NPM in the Talisker Formation. They are typically 1-3 m wide but 
Gum (1998) reported widths of up to 10 m (Fig. 2b). Although scattered outcrops show 
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them to be commonly 100’s of meters in length, individual pyritic schist units show that 
they can outcrop intermittently along strike over kilometers.  Pyritic schists typically show 
a rusty weathered appearance due to the presence of Fe sulfides but are dominated by quartz 
and muscovite. Pyritic schist near the Wheal Ellen Pb-Zn-Ag-(Cu-Au) deposit contains 30-
50 ppm Cu (average = 36 ppm), 20-900 ppm Pb (average = 372 ppm), and 13-2500 ppm 
Zn (average = 1241 ppm) (Spry, 1976), and are elevated in Pb and Zn relative to Cu (15-
120 ppm; average = 55 ppm), Pb (44-1394 ppm; average = 78 ppm), and Zn (10-885 ppm; 
average = 25 ppm) in the NPM at Brukunga (Gum, 1998). Three analyses of pyritic schist 
obtained by Askins (1968) from the Aclare Pb-Zn deposit in the Tapanappa Formation 
contains 20 to 30 ppm Cu, 100 to 600 ppm Zn, and 40 to 600 ppm Pb. Values of Cu, Pb, 
and Zn for both the NPM and pyritic schists are more elevated in these elements than 
unaltered meta-graywackes and meta-siltstones in the Tapanappa Formation of the 
Kanmantoo Group (Gum, 1998). Given the similarity in mineralogy and light isotopic 
values (δ34S = -20 to -15 ‰ for pyrite and pyrrhotite (Seccombe et al., 1985), it is likely 
that, like the NPM, the pyritic schists formed in an anoxic environment in which sulfur was 
derived from biogenic reduction of seawater sulfate.  
 
4.3. Mount Torrens Pb-Zn-Ag Prospect 
     The Mt. Torrens Pb-Zn-Ag prospect, located ~16 km north of the Brukunga area (Fig. 
1), occurs at the base of the NPM in steeply dipping pyritic meta-siltstone interbedded with 
calc-silicate horizons and quartzites (Mason, 1978; Gum, 1998; Ogierman, 2006). The 
sulfides are irregularly distributed and disseminated along strike for 2 km, with significant 
concentrations of sulfide in three horizons. The central area shows the highest sulfide 
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concentration along 450 m of strike (Fig. 4). The stratigraphic lowest quartzite horizon in 
the central area contains pods of up to 70% pyrite, 15% galena, and 10% sphalerite, 
whereas the two upper quartzite horizons contain 5-10% pyrite and trace sphalerite (Mason, 
1978). Although the grade and tonnage of the deposit are unknown, significant 
intersections of base metals include 10 m @ 5.4% Pb, 0.06% Zn and 33 g/t Ag, 4 m @ 
6.6% Pb, 4.10 % Zn, and 23 g/t Ag, and 5 m @ 9.5% Pb, 2.10 % Zn, and 42 g/t Ag 
(Ogierman, 2006; Mason, 1978). Values of δ34S for sulfides from the Mt. Torrens prospect 
range from -13 to -4‰ and, like sulfides from the NPM and pyritic schists in the Tapanappa 
Formation, suggest a biogenic contribution of sulfur (Gum, 1998).  
     The predominant non-sulfide assemblage associated with sulfides is quartz-
muscovite-plagioclase-calcite ± (scapolite, chlorite, Ca-Mn-garnet, titanite, actinolite, 
phlogopite, biotite, tremolite, allanite, tourmaline, apatite, hyalophane (3-11 wt.% BaO)), 
with variance along strike from calcium-rich zones (quartz-scapolite-calcite-calc-silicates) 
to quartzites (primarily quartz with minor feldspar, muscovite, biotite and trace amounts of 
apatite, tourmaline, epidote, titanite, and garnet) (Ogierman, 2006). The calc-silicate units 
at Mt. Torrens resemble the calc-silicate units in the Brukunga area (George, 1969b). 
Representative compositions of silicates in the calc-silicates from Mt. Torrens and the 
NPM are given in the Appendix (Tables A18-A29). Alteration is limited in extent at Mt. 
Torrens and consists of sericite, chlorite, and epidote (Gum, 1998).  
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4.4. Cu-Au and Pb-Zn-Ag-(Cu-Au) Deposits in the Tapanappa Formation 
     There are two major types of base metal deposits in the Tapanappa Formation: Cu-Au 
(e.g., Kanmantoo, Bremer, South Hill) and Pb-Zn-Ag-(Cu-Au) (Angas, Wheal Ellen, 
Aclare, Scotts Creek).  Of these, the Kanmantoo (34.5 Mt @ 0.6 % Cu and 0.1 g/t Au; 
Pollock et al., 2018) and Angas deposits (3.04 Mt @ 8.0% Zn, 3.1% Pb, 0.3% Cu, 34 g/t 
Ag, and 0.5 g/t Au; www.portergeo.com.au/database/mineinfo.asp?mineid=mn1287) are 
the largest of each type. Sulfide mineralization in the Kanmantoo deposit is characterized 
by discordant and pipe-like orebodies, along with sulfides that are concordant to bedding. 
Syngenetic, metamorphogenic, and post-peak metamorphic models have been considered 
for the formation of the deposit (e.g., Seccombe et al., 1985; Oliver et al., 1998; Lyons, 
2012; Wilson, 2009; Pollock et al., 2018) while there is a general consensus that the Pb-
Zn-Ag-(Cu-Au) deposits are syngenetic, since they generally follow bedding, and were 
subsequently metamorphosed (e.g., Both, 1990; Toteff, 1999).  
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CHAPTER 5  
MINERALOGICAL AND TEXTURAL RELATIONSHIPS OF METALLIC 
MINERALS 
 
5.1. Nairne Pyrite Member 
     The metallic minerals in the bedded units are predominantly pyrite and pyrrhotite but 
minor amounts of chalcopyrite, sphalerite, galena, arsenopyrite, and marcasite are also 
present. Trace amounts of sulfides, sulphosalts, native elements (including graphite), and 
alloys, which were identified by LaGanza (1959), Graham (1978), and Gum (1998) are 
locally abundant in tension gashes and remobilized veins up to 2 m in length (Table 1). 
The textural relationship between the Fe-sulfides and silicates in the bedded units suggests 
that they formed together. Sulfide grain size has a direct relationship to silicate grain size 
in that larger sulfides grains are found in coarse grained silicate beds (Skinner, 1958; 
LaGanza, 1959).  
     LaGanza (1959) identified five types of pyrite: 1) Idioblastic, inclusion-free euhedral-
subhedral primary pyrite up to 3 mm in size; 2) Subhedral to euhedral pyrite (up to 5 cm 
in size) that occurs in veins; 3) Secondary melnikovite pyrite (up to 5mm in diameter); 4) 
Secondary zoned pyrite that forms a boxwork lattice (up to 1.5 cm in diameter); and 5) 
Late secondary pyrite (< 0.15 mm in size) in cracks. Of these five types, LaGanza (1959) 
estimated that types 1 and 2 represent ~85-90% and 5%, respectively, of the total pyrite 
content in the deposit, whereas the remaining secondary pyrite (types 3, 4, and 5) 
constituted a combined 5 to 10% of the pyrite. The current study has focused on types 1 
and 2 pyrite.  
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     Type 1 pyrite (Py1) is generally inclusion-free but some grains host minute (~0.1 mm 
size) inclusion-rich cores of pyrrhotite, sphalerite, rutile, and biotite, which likely resulted 
from metamorphic recrystallization of the pyrite grains, during which time pre-existing 
inclusions grew while being expelled from the crystal lattice of pyrite (Fig. 5a). These cores 
are surrounded by inclusion-free rims. Pyrite 1 tends to show annealed grain boundaries 
(120o) as a result of grains size reduction during metamorphism (Craig and Vokes, 1993). 
Pyrite 1, which occurs as monomineralic discontinuous layers (up to 1 cm in width; Fig. 
5b) or as layered intergrowths of pyrite and pyrrhotite, likely represent bedding (Skinner, 
1958). These sulfides are interbedded with quartzofeldspathic and calc-silicate layers 
(Table 2).  
     Type 2 vein pyrite (Py2) is commonly coarse-grained and intergrown with other sulfides 
(LaGanza, 1959), or it occurs as remobilized cataclastically deformed pyrite (Py2a), which 
is pitted and anhedral in shape. This variety of pyrite contains small inclusions of pyrrhotite 
and sphalerite, with quartz and rare pyrrhotite and chalcopyrite infilling fractures. It is 
generally observed in quartzofeldspathic rocks where it locally armors Py1 and pyrrhotite 
(Fig. 5c). Melnikovite pyrite (Py3) formed as isolated grains up to 0.5mm in size and rarely 
as thin rims on Py1. Melnikovite (Py3) has a distinct concentric fracture pattern, sooty 
texture, and occurs sparsely throughout the NPM (Fig. 5e; Table 2).  
     Pyrrhotite and pyrite are equally abundant in the NPM. Primary pyrrhotite (Po1) occurs 
as anhedral fine-grained (0.5 mm) disseminations in layers parallel to bedding and as 
intergrowths with pyrite and rare arsenopyrite (Fig. 5b-c). Larger masses of anhedral Po1 
(up to 1cm length) occur where the host silicates are coarse-grained. Coarse-grained 
hexagonal Po1 is locally rimmed by monoclinic pyrrhotite; fine-grained layered Po1 is 
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almost entirely monoclinic (George, 1969a; Graham, 1978). There is no textural evidence 
to suggest that pyrrhotite formed by desulfidation of pyrite. Rather, the alternating 
pyrrhotite-pyrite layers are interpreted to reflect differences in the primary content of sulfur 
prior to metamorphism. Although Py2a is the dominant sulfide in veins, irregular anhedral 
masses of pyrrhotite (Po2), which constitutes <1% of the total amount pyrrhotite in the 
NPM, is also intergrown with Py2a, sphalerite, chalcopyrite, and galena, and other trace 
sulfides and sulfosalts. 
     Sphalerite is the most common base metal sulfide where it occurs as inclusions in Py1 
and along the contacts between Py1 and Po1 (up to 1 mm in size). Chalcopyrite is locally 
associated with pyrrhotite but it also occurs along the margins of Py1 and Po1 (up to 0.5 
mm in length) or in fractures within Py1 (Fig. 5f). Chalcopyrite is also spatially associated 
with trace amounts of subhedral galena and arsenopyrite. Chalcopyrite disease, although 
uncommon, locally occurs in some of the larger sphalerite grains. Galena is the least 
common base metal sulfide in Py1 and Po1 but it also occurs as isolated grains in the 
quartz-feldspar-muscovite layers. In the tension gashes and veins, galena occurs as masses 
(1-3 mm in size) and hosts most of the sulfosalts (Nenke, 1972; Fig. 5g). Where present, 
arsenopyrite occurs as isolated grains in the groundmass and rarely within Po1 and Py1. 
     Details of the mineralogy of the veins are given in LaGanza (1959) and Graham (1978) 
and are not repeated here given that they are volumetrically minor. 
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5.2. Mount Torrens Pb-Zn-Ag Prospect 
     The sulfide assemblage at Mt. Torrens consists of pyrite-pyrrhotite±(galena-sphalerite-
chalcopyrite). Arsenopyrite locally occurs in trace amounts. The textural relationships of 
sulfides at Mt. Torrens are similar to those in the Brukunga Fe-S deposit, except that in 
areas at Mt. Torrens where sulfides are more abundant they are generally coarser grained.  
     Pyrite types Py1, Py2a, and Py3 from the NPM are also present at Mt. Torrens, along 
with Py2b, which occurs as anhedral interlocking grains (up to 0.5 mm wide) that formed 
as aggregates, commonly enveloping Py1 (Fig. 5d). Pyrite 2b is inclusion-poor, non-pitted 
and weakly fractured, and is only found in calc-silicate rocks, whereas Py3 occurs as 
isolated grains (Fig. 5e).  Pyrrhotite 1 commonly forms anhedral grains (up to 0.5 cm) that 
locally envelope, or occurs in fractures in, Py1 within quartzofeldspathic layers. It is rarely 
present in calc-silicate rocks. 
     Base metal zoning of massive sulfides (Pb:Zn) is locally pronounced (Mason, 1978). 
Within fine-grained sphalerite (locally exhibiting chalcopyrite disease) and galena, 
aggregates of euhedral-subhedral Py1 and anhedral Po1 are present. Fractured Py1 is 
infilled with galena and sphalerite (Fig. 5h). In semi-massive mineralization, Py1 and Po1 
are the dominant sulfides and commonly form alternating layers that contain disseminated 
grains of sphalerite, galena, and chalcopyrite (mostly with Py1) and as aggregates (up to 
0.25 mm wide). 
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5.3. Kanmantoo Cu-Au, Angas Pb-Zn-Ag, and Wheal Ellen Pb-Zn-Ag-(Cu-Au) 
Deposits 
     Metallic mineralization in the Wheal Ellen deposit consists of massive coarse 
recrystallized pyrite (Py1), sphalerite, galena, and minor pyrrhotite (Po1) and chalcopyrite, 
primarily in biotite schist, along with lesser amounts of pyrite and chalcopyrite in quartz 
veins. Other metallic minerals include tetrahedrite, marcasite, boulangerite, cobaltian 
arsenopyrite, magnetite, gahnite, and galenobismutite (Spry, 1976; Gum, 1998; Toteff, 
1999). Primary metamorphic pyrite (Py1) also occurs as isolated subhedral to euhedral 
grains (up to 3 mm in size) that are locally fractured and infilled with sphalerite and minor 
amounts of pyrrhotite. Anhedral metamorphic pyrite (up to 8 mm in length) was locally 
replaced by secondary pyrite (Py2), melnikovite pyrite (Py3), and marcasite. Rare 
crosscutting quartz-pyrite veinlets (0.2 mm) are also present and are likely products of 
remobilization of primary pyrite during metamorphism. Some grains of Py1 contain 
inclusions of pyrrhotite, galena and chalcopyrite, but most grains of pyrite are generally 
devoid of inclusions.  
     The main sulfides in the Angas deposit are pyrite (Py1), pyrrhotite (Po1), sphalerite, 
and galena, with minor chalcopyrite, marcasite, and arsenopyrite (Toteff, 1999; Tott, 
2018). Laing (1998) described two types of sulfide mineralization in the so-called “western 
mineralization”, which was the zone that was mined and sampled here. Type 1 ore is 
massive and banded and dominated by pyrite (Py1), sphalerite and galena, whereas type 2, 
was remobilized, particularly in the axial plane of folds and is composed of ovoids of coarse 
sphalerite intergrown with pyrrhotite and rounded pyrite. Pyrite 1, which was analyzed 
here, is generally subhedral and commonly shows caries textures. Like Py1 from Wheal 
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Ellen, sphalerite and galena in the Angas deposit formed in fractures in pyrite (up to 6 mm 
in size) and as large inclusions in pyrite.  
     Chalcopyrite with lesser amounts of Po1, and magnetite are the dominant metallic 
minerals in the Kanmantoo Cu-Au deposit (e.g., Seccombe et al., 1985). Pyrite, ilmenite, 
marcasite, sphalerite, cubanite, chalcocite, covellite, pentlandite, mackinawite, cobaltite, 
molybdenite, wolframite, bismuthinite, native bismuth, laitakarite, Se-bearing galena, 
native gold, and native silver are present in lesser amounts (e.g., Schiller, 2000; Arbon, 
2011; Pollock et al., 2018). According to Seccombe et al. (1985), there are three 
generations of pyrite: colloform pyrite (type 1) that forms cores to a euhedral pyrite 
overgrowth (type 2), and type 3 cavity filled melnikovite pyrite associated with griegite 
and marcasite.  Types 1 and 2 are rare by comparison to the type 3 melnikovite pyrite (Py3), 
which formed as a replacement of hexagonal pyrrhotite (Po1).  
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CHAPTER 6 
TRACE ELEMENT COMPOSITIONS OF SULFIDES 
 
6.1. Pyrite 
     Unless otherwise stated, comparisons made here are between mean compositions of 
various elements in pyrite (Py1, Py2a, Py2b, and Py3), although mean (with one standard 
deviation), maximum, and detection limits are reported in Table 3. Pyrite 1 from the NPM, 
Mt. Torrens, and pyritic schist contain mean Co values of 1254 ppm, 2235 ppm, and 6785 
ppm, and mean As values of 3167 ppm, 1762 ppm, and 1883 ppm, respectively (Tables 3 
A7; Fig. 6a-b; Fig. 7a-d).  Cobalt and As concentrations of Py1 from the Angas Pb-Zn and 
Wheal Ellen Pb-Zn-Ag deposits contain lower Co concentrations (average = 702 and 523 
ppm, respectively), whereas As contents of Py1 from these deposits are 1831 ppm and 340 
ppm, respectively (Table 3). The amount of Ni in Py1 is markedly lower than the 
concentrations of Co and As, with the highest concentration being 332 ppm (Mt. Torrens; 
Fig. 6c; Fig 7a-b) and the lowest being 17 ppm (Angas Pb-Zn deposit; Table 3); Py1 from 
the NPM has a Ni content of 123 ppm. There is a large variation in concentrations for these 
three elements, sometimes as much as three orders of magnitude. Selenium contents range 
from 5-16 ppm in Py1 from the NPM, pyritic schist, Angas Pb-Zn deposit and Wheal Ellen 
Pb-Zn-Ag deposit (Table 3), whereas Py1 from Mt. Torrens has a concentration of 91 ppm 
(Fig. 6d; Fig. 7c; Table 3). The concentration of nonstoichiometric element Tl and those of 
Cu, Pb, and Zn, which likely occur as mineral inclusions in Py1, generally show mean 
values of <30 ppm in all samples studied here, except for Py1 from the Wheal Ellen deposit, 
which contains a mean Pb content of 140 ppm) (Table 3; Fig. 7e-f).  Non-stoichiometric 
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Mn and Mo show similar concentrations in Py1 with values ranging from 1-10 ppm for Mn 
(Table 3) and 1-7 ppm for Mo.  
     The LA-ICP-MS depth profiles and multielement maps of Py1 in the NPM and Mt. 
Torrens generally show a homogeneous distribution of the stoichiometric trace elements 
(Co, Ni, and As); although, some grains are compositionally zoned (Fig. 8a-b). The 
zonation that occurs in Py1 is not systematic with both Co-poor (Fig. 8a) and Co-rich cores 
being observed (Fig. 8b). Multielement maps also show the presence of zonation in 
inclusion-rich Py1 in the NPM (Fig. 9); however, the zonation does not appear to directly 
follow the outline of the inclusion-rich core. Rim and core concentrations in zoned pyrite 
usually vary less than an order of magnitude, with both compositions plotting within the 
Py1 compositional field (Fig. 10a-b).   
     Pyrite 2a is characterized by high Ni and low Co and As concentrations, relative to Py1, 
which can be seen in a LA-ICP-MS depth profile of a line ablated across Py1 and Py2a 
(Fig. 8c) and as a LA-ICP-MS multielement map (Fig. 11). Nickel contents of Py2a from 
the NPM, Mt. Torrens, and pyritic schist are 1116 ppm, 1173 ppm and 797 ppm, 
respectively, which are hundreds of ppm higher than the concentrations of Ni in Py1 from 
these same locations (Tables A1-A2; Fig. 6c; Fig. 7a-b). The mean concentrations of Co 
and As in Py2a from NPM (147 ppm and 60 ppm), Mt. Torrens (169 ppm and 218 ppm) 
and pyritic schist (148 ppm and 29 ppm) show a depletion of approximately one order of 
magnitude for Co and As concentrations relative to Py1 (Fig 6a-b; Fig 7a-d). 
     The concentration of Se in Py1 from the NPM is 16 ppm but is higher in Py2a (57 ppm), 
whereas Se in Py1 (91 ppm) from Mt. Torrens Py2a is 10 ppm (Fig 6d; Fig. 7c). The mean 
concentrations of Se in Py1 (16 ppm) and Py2a (20 ppm) in pyritic schist are approximately 
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the same (Fig. 6d). Concentrations of Cu, Pb, Zn, Mn, Mo and Tl in Py2a are all <20 ppm, 
with the exception of Cu (68 ppm) in Py2a from pyritic schist and Mn (1153 ppm) from 
NPM (Table A1). The concentration of Mn in Py2a from NPM shows a maximum of 5898 
ppm, which likely due to the beam ablating a micro-inclusion of alabandite (MnS), and 
could be skewing the average. The overall trace element signature of Py2b in calc-silicates 
from Mt. Torrens, is very similar to the signature observed for Py2a, except that Co (17 
ppm), Ni (364 ppm), and As (37 ppm) contents of Py2b are almost an order of magnitude 
lower than those in Py2a (Co = 169 ppm, Ni = 1173 ppm, As = 219 ppm) (Table A2; Fig. 
6a-c; Fig. 7a-d).  
     The Ni content of melnikovite pyrite (Py3) from the NPM (769 ppm) and Mt. Torrens 
(721 ppm) are similar to each other, whereas the mean Co concentrations are markedly 
different (7 ppm and 361 ppm, respectively; Tables A1-A2; Fig. 6a, c; Fig. 7a-b). Mean As 
and Se contents are about twice as high in Py3 from the NPM (53 ppm and 68 ppm, 
respectively) than in Py3 from Mt. Torrens (27 ppm and 28 ppm, respectively; Fig. 6b, d; 
Fig. 7c). Copper, Pb, and Zn concentrations of Py3 from the NPM and Mt. Torrens are <18 
ppm (Tables A1-A2; Fig. 7e-f). The trace element concentrations of Py3 from Kanmantoo 
Cu-Au and Wheal Ellen Pb-Zn-Ag deposits are in contrast to these values since Co (2521 
ppm), Ni (592 ppm), and Cu (2002 ppm) contents are higher in Py3 from Kanmantoo. Lead 
(3011 ppm), Zn (886 ppm) and Sb (236 ppm) concentration of Py3 from Wheal Ellen are 
enriched in these elements relative to those in Py3 from the NPM and Mt. Torrens.   
     A principal component analysis of trace elements in pyrite that are above detections 
limit (i.e. V, Cr, Mn, Co, Ni, Cu, Zn, Ge, As, Se, Pb) was used to further identify if there 
was any compositional variance among the different types of pyrite (Fig. 12a-b). Principal 
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component 1 (PCA1) accounts for 25.4% of the variance whereas principal component 2 
(PCA1) accounts for 21.4% of the variance and shows clusters of four sets of elements. 
Cluster 1 incorporates Co and As and to a lesser extent Cu, cluster 2 Cr, V, and Ge, cluster 
3 Se, and Ni, and cluster 4 Zn, Pb, and Mn. Cobalt shows a negative correlation with Ni. 
Pyrite 1 from NPM, Mt. Torrens, and pyritic schist overlap and mostly plot in the negative 
component 1 field and are associated with elements in cluster 1. Pyrite 2a compositions 
from NPM overlap cluster 3 whereas Py2a from Mt. Torrens is distinguished by cluster 2 
elements, which overlap some data that characterize Py1. Pyrite 2b can be distinguished 
by a positive contribution of Ni (cluster 3). Melnikovite pyrite (Py3) from the NPM is also 
characterized by cluster 3 elements whereas the composition of Py3 from Mt. Torrens 
overlaps these elements in Py2b and some samples of Py1.   
 
6.2. Pyrrhotite 
     Pyrrhotite (Po1) is generally depleted in most trace elements relative to pyrite, except 
for Ni where mean concentrations are 253 ppm, 348 ppm and 142 ppm in the NPM, Mt. 
Torrens, and pyritic schist, respectively (Tables A3, A8). Pyrrhotite (Po1) in the 
Kanmantoo Cu-Au and Wheal Ellen Pb-Zn-Ag deposits have Ni concentrations of 43 ppm 
and 20 ppm, respectively. The Co, As, and Se contents of Po1 are typically <15 ppm, but 
are up to 205 ppm in one grain from the NPM, and are higher in Po1 from the Kanmantoo 
(Co=123 ppm, Se=94 ppm) and Mt. Torrens deposits (Co=81 ppm, As=61 ppm, and Se=20 
ppm). Concentrations of Cu, Pb, and Zn are <8 ppm in Po1 from the NPM, pyritic schists 
and the Mt. Torrens, Kanmantoo and Angas deposits, expect for Pb at the Angas Pb-Zn-
Ag and Mt. Torrens deposits where the mean concentrations are 15 ppm and 17 ppm Pb, 
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respectively. There is a slight enrichment of Mn in Po1 from NPM, Mt. Torrens, and pyritic 
schists (35 ppm, 42 ppm, and 22 ppm, respectively) compared to Po1 in the base metal 
deposits (<4 ppm). Almost all other trace elements (e.g., V, Cr, Ge) in Po1 have mean 
concentrations of <4 ppm.  
 
6.3. Sphalerite 
     Spry et al. (1988) analyzed the composition of sphalerite in equilibrium with hexagonal 
pyrrhotite and pyrite from the Wheal Ellen and Aclare deposits and showed that it 
contained between 8.8 and 9.0 wt. % Fe, 0.3 to 0.6 wt. % Mn, and up to 0.2 wt. % Cd. 
Previous studies of two samples of sphalerite from the NPM at the Brukunga mine by 
Skinner (1958) show that the range of Fe and Cd contents of sphalerite is the same as 
analyzed by Spry et al. (1988), but that the Mn content was considerably higher (2.3 to 2.5 
wt. % Mn). Electron microprobe analyses (n = 198) obtained here of sphalerite in contact 
with pyrite, hexagonal pyrrhotite, or both, shows that the Fe concentration ranges from 8.7 
to 11.6 wt. % Fe, up to 0.2 wt. % Cd, and between 1.0 and 8.0 wt. % Mn in sphalerite (Fig. 
13a-b). Sphalerite from the Mt. Torrens prospect, also in contact with pyrite, hexagonal 
pyrrhotite, or both, ranges from 5.5 to 10.4 wt. % Fe, 0 to 6.4 wt. % Cd, and 0.1 to 6.8 wt. 
% Mn. Sphalerite in pyritic schists also shows elevated concentrations of Mn (1.1 to 2.9 
wt. %), and Fe (8.9 to 9.6 wt. %) whereas Cu and Cd concentrations are below detection 
limits (Fig. 13a-b). The Fe content of sphalerite from the Aclare, Scotts Creek, and 
Kanmantoo deposits range from 7.3 to 11.0 wt. % with up to 0.9 wt. % Mn from the first 
two deposits and < 0.03 wt. % Mn for sphalerite from the Kanmantoo deposit (Fig. 13a-b).   
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     Laser ablation-ICP-MS depth profiles showed show compositions consistent with 
EMPA in that the Cd concentrations are low (NPM=3189 ppm, Wheal Ellen Pb-Zn-
Ag=2784 ppm, and Angas=4361 ppm), except for Mt. Torrens, which showed a large 
average enrichment (14,441 ppm; Table A4). Manganese concentrations are in the percent 
level for sphalerite from the NPM, Mt. Torrens and pyritic schists but < 1.0 wt. % for the 
base metal deposits in the Tapanappa Formation. The indium concentrations of sphalerite 
are 56 ppm, 141 ppm, 85 ppm, and 3 ppm from the NPM, and the Wheal Ellen, Angas, and 
Mt. Torrens deposits, respectively.  
 
6.4. Chalcopyrite 
     Chalcopyrite can host trace elements as inclusions (i.e., Pb) and stoichiometric lattice 
substitutions (i.e., Ag, In, Sn, Zn, and Se; Houston et al., 1995). The mean concentrations 
of Zn in chalcopyrite from the NPM and Mt. Torrens are 1132 ppm and 1428 ppm, 
respectively, which are significantly higher than the average Zn contents of chalcopyrite 
from the Angas (431 ppm) and Kanmantoo deposits (346 ppm; Table A5). Tin and As are 
more enriched in chalcopyrite from the NPM (291 ppm and 123 ppm) than in chalcopyrite 
from the Mt. Torrens, Angas, and Kanmantoo deposits. Houston et al. (1995) noted that Se 
concentrations in chalcopyrite were highest in Cu-rich deposits, which is in agreement with 
the data obtained here. The average concentration of Se in chalcopyrite from the 
Kanmantoo Cu-Au deposit is 122 ppm, whereas the Se contents of chalcopyrite from the 
NPM, Mt. Torrens, and Angas Pb-Zn-Ag deposits are <28 ppm. As with sphalerite, the Mn 
concentration of chalcopyrite from the NPM (346 ppm) and Mt. Torrens (148 ppm) is 
considerably higher than the amount of Mn in chalcopyrite from the base metal deposits in 
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the Tapanappa Formation (<4 ppm). Low concentrations of Ag (11-38 ppm), In (4-29 
ppm), and Pb (10-23 ppm) are present in the various sulfide occurrences (Table A5). 
 
6.5 Galena 
     Galena with grain sizes sufficient to be ablated were only found in samples from the 
Mt. Torrens and Wheal Ellen Pb-Zn-Ag deposits. The trace element signatures show that 
galena is the primary host of Bi, Sb, and Ag with mean concentrations of >950 ppm (Table 
A6). Bismuth is especially concentrated in galena from Wheal Ellen Pb-Zn-Ag deposit 
(mean = 4,813 ppm, maximum = 10,220 ppm). Galena from Mt. Torrens also shows 
significant mean concentrations of Cu (103 ppm), Zn (207 ppm), As (161 ppm), Se (614 
ppm), Cd (277 ppm), Sn (233 ppm), and Tl (74 ppm), whereas that from Wheal Ellen has 
a more depleted trace element signature but showed elevated concentrations of Zn (195 
ppm) and Tl (255 ppm; Table A6).  
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CHAPTER 7 
DISCUSSION 
 
7.1 Effects of Metamorphism on Sulfides in the Kanmantoo Group 
     Sulfides in the NPM, and Mt. Torrens Pb-Zn-Ag deposit, and higher in the stratigraphic 
sequence in the Tapanappa Formation (e.g., Wheal Ellen and Angas Pb-Zn-Ag-(Cu-Au) 
deposits, Kanmantoo Cu-Au deposit) were metamorphosed to the amphibolite facies. Spry 
et al. (1988) suggested that the effects of metamorphism on the sulfide deposits in the 
Kanmantoo Group were reflected by the coarse nature of the sulfides (including the 
formation of euhedral pyrite and arsenopyrite porphyroblasts), the equilibration of 
sphalerite and arsenopyrite (with hexagonal pyrrhotite and pyrite) at compositions 
consistent with peak metamorphic conditions, and the formation of the typically 
metamorphic mineral, gahnite. Additional evidence in support of the sulfides being subject 
to metamorphic processes as well as remobilization that accompanied metamorphism 
includes, the brittle deformation of pyrite (Py1) and its remobilization to form Py2, the 
formation of pyrite-rich sulfide veins in the axial planes of F1 folds cross-cutting bedding 
and pyrrhotite-dominant tension gash veins containing various minor sulfides and 
sulfosalts at Brukunga (George, 1969a, Graham, 1978), the Mg-rich composition of 
silicates that equilibrated with sulfides at peak metamorphic conditions at Brukunga 
(George, 1969b), and the incorporation of chalcopyrite, galena, and sphalerite as inclusions 
in Py1, and as remobilized sulfides in small aggregates and small projections into subhedral 
to euhedral pyrite. Remobilization of these sulfides likely occurred above 350oC (Marshall 
and Gilligan, 1993). 
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7.2. Effects of Metamorphism on Trace Element Contents of Pyrite 
     Previous studies of the trace element composition of pyrite have largely focused on 
sedimentary and diagenetic pyrite, as well as pyrite found in rocks metamorphosed to low-
grades (greenschist facies). However, there is debate whether recrystallization and 
metamorphism to higher grades expels trace elements from the structure of pyrite or 
whether the trace elements remain in its structure, and if the trace element content of pyrite 
can serve as an exploration guide to metamorphosed metallic mineral deposits. 
     Trace elements are incorporated in pyrite as stoichiometric substitutions (e.g., Co, Ni, 
Se, and Te), nonstoichiometric substitutions (e.g., As, Mo, Au, and Tl), and as mineral 
inclusions (e.g., Cu, Pb, and Zn) (Huston et al., 1995; Large et al., 2007; Gregory et al. 
2015). Stoichiometric substitutions represent elements that have the same charge and 
similar size as Fe (i.e., Co and Ni) or S (i.e., Se). Nonstoichiometric substitutions occur for 
trace elements that do not have a similar size as the element they are substituting for or 
have multiple speciations (Huston et al., 1995). These differences in ion sizes create lattice 
distortions that can lead to coupled substitutions (e.g. Cu-Au, As-Au, As-Ag; Chouinard et 
al., 2005; Reich et al., 2005). Recrystallization of pyrite during metamorphism results in 
the expulsion of a majority of trace elements loosely held in the structure of pyrite as 
nonstoichiometric substitutions and mineral inclusions. However, Huston (1993, 1995) and 
Large et al. (2007) proposed that stoichiometric substitutions (Co, Ni, and Se) are 
incorporated tightly in the structure of pyrite and that primary concentrations of these 
elements can remain.  
     Since all rocks in the Kanmantoo Group were subjected to the upper greenschist-upper 
amphibolite facies metamorphism, comparing the compositions of pyrite in the Kanmantoo 
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Group to unmetamorphosed equivalents is not possible. To evaluate the effects of 
metamorphism on the trace element composition of pyrite, the trace element concentrations 
of pyrite in the Cambrian-aged sulfide deposits studied here are compared to trace element 
contents of pyrite from three unmetamorphosed Cambrian black shales (UCBS) that were 
evaluated by Large et al. (2014). This comparison is deemed appropriate given that the 
total organic carbon in the NPM ranges up to 2.3 wt. % C (Nenke, 1972), and is within the 
range of the carbon content of the three black shales (0.1-7.0 wt. % C). Large et al. (2014) 
showed that elements such as Cu, Pb, Zn, Ni, Se, Co, and As increased in concentration in 
sedimentary pyrite at the end of the Proterozoic and early Cambrian during the so-called 
second Great Oxidation Event.   
     Elements that stoichiometrically occur in the structure of pyrite, especially Co, Ni and 
As, show significant concentrations in Py1 from the NPM and Mt. Torrens prospect. Cobalt 
and As are generally more enriched in Py1 compared to pyrite in UCBS, whereas Ni and 
Se are slightly more depleted (Fig. 6a,c,d; Fig. 7a-b; Table 4). Elements that 
stoichiometrically substitutute into the lattice of metamorphosed pyrite generally remain 
in its structure (Huston et al., 1993,1995; Large et al., 2007; Genna and Gaboury, 2015), 
however, the relatively low concentration of Ni and Se may be due to their expulsion during 
recrystallization. In contrast, Co exhibits different behavior and has a high concentration 
in Py1 consistent with retention during recrystallization. 
     Pyrite 1 and Po1 commonly coexist in the NPM and occur in approximately equal 
amounts. However, they can also form in monomineralic layers suggesting that pyrrhotite 
forms in sulfide-poor horizons rather than forming by the desulfidation of pyrite. It is likely 
that the relatively low concentrations of Ni in Py1 (mean = 123 ppm) is due to Ni being 
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preferentially partitioned into Po1 (mean = 253 ppm). The preferential partitioning of Ni 
into pyrrhotite rather than pyrite, has been recognized elsewhere (e.g., Cambel and 
Jarkovsky, 1968; Cook, 1996). The concentrations of Ni in Py2a from NPM and Mt. 
Torrens are more enriched than in Py1 and show values similar to the composition of pyrite 
in UCBS (Fig. 11). Pyrite 2 likely formed by remobilization of Py1 in fractures and the 
axial planes of F1 folds as proposed by George (1969a).  
     The concentration of Co in Py1 from the NPM and Mt. Torrens prospect is an order of 
magnitude higher than in pyrite in UCBS, Py2a, and Py2b. Factors that may have been 
responsible for the higher Co concentrations in Py1 are: 1) Co solubility increases with 
increasing temperature (Huston et al., 1995); and 2) the bulk rock concentration of Co of 
the sedimentary rocks in the Kanmantoo Trough are relatively high. Pyrite is known to 
contain elevated Co contents in rocks enriched in Mn (Guy et al., 2010). Genna and 
Gaboury (2015) also showed that Co can be enriched in pyrite derived from high-
temperature metamorphic fluids (i.e., amphibolite facies). There is a wide variation in Co 
concentration (three orders of magnitude) in sedimentary pyrite formed during the 
Cambrian (Large et al., 2014, 2015), showing that Co concentration is basin dependent and 
likely a product of the trace element compositions of the host rocks. Therefore, the 
relatively high Co contents of Py1, which are higher than pyrite in UCBS, likely represent 
the premetamorphic Co concentration of sedimentary pyrite in the Kanmantoo Trough. An 
average of 714 ppm Mn was reported by Nenke (1972) for the NPM, which occurs in, for 
example, Mn-bearing carbonate, garnet, and sphalerite is supportive of the concept that the 
high concentration of Co in Py1 is tied to the presence of Mn-bearing minerals. Manganese-
oxyhydroxides are effective scavengers of a number of elements, including Co. In a 
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reducing environment, the dissolution of Mn-oxyhydroxides results in the expulsion of Co, 
which subsequently gets incorporated in the structure of sulfides including pyrite (Guy et 
al., 2010).  
     The ratio of Co to Ni in pyrite has been used to differentiate between pyrite in different 
ore-forming settings (e.g., Bajwah et al., 1987, Guy et al., 2010; Gregory et al., 2015; 
Mukherjee and Large, 2017). Carstens (1941) proposed that sedimentary pyrite has a Co:Ni 
ratio < 1 and a Co concentration <100 ppm.  Bajwah et al. (1987) and Large et al. (2009) 
more recently suggested that diagenetic pyrite has a Co:Ni ≤ 2. However, the use of Co:Ni 
ratios as indicators of deposit origin (e.g., Bralia et al., 1979) must be questioned given that 
variations in Co:Ni ratios reflect differences in the conditions of precipitation (e.g., Maier 
and McGoldrick, 2005; Genna and Gaboury, 2015), and that pyrite of different paragenetic 
generations were not distinguished by Bralia et al. (1979). Both unmetamorphosed and 
metamorphosed ore deposits (e.g., Manitouwadge Cu-Zn deposit; upper amphibolite 
facies) were also included in their study. The Co:Ni ratios of Py1 from the NPM and the 
Mt. Torrens prospect are very variable (0.35-229 and 0.01-916, respectively) with averages 
of 18 and 52 (Fig. 7a). Such ratios drape the fields of sedimentary pyrite, and vein and 
massive sulfide deposits of Bralia et al. (1979). The variable ratios are likely the result of 
the partitioning of Co and Ni between pyrite and pyrrhotite, the high Co content of the host 
rocks, and the possible effects of metamorphism on expulsion of the Co and Ni from pyrite. 
It should be noted here that while rare cobaltite occurs in remobilized veins and tension 
gashes, there are considerably more Ni-bearing minerals in these veins (i.e., ullmanite, 
breithauptite, pentlandite, niccolite, native Ni, and mackinawite). Whether their formation 
means that Ni was expelled from pyrite during metamorphism and subsequently migrated 
		
35	
more easily than Co during metamorphism to produce the relatively high Co:Ni ratios 
remains unclear.  
     Selenium has several oxidation states and is incorporated stoichiometrically in the 
structure of pyrite (e.g., Diener et al., 2012). Huston et al. (1995) proposed that the 
concentration of Se in pyrite is unaffected by metamorphic grade whereas Genna and 
Gaboury (2015) suggested that it can increase with metamorphic grade, as indicated by 
their study of Se in pyrite in the Bracemac-McLeod deposit, Quebec. The mean Se 
concentrations of Py1 from the NPM (16 ppm) and Mt. Torrens (91 ppm) are lower than 
its concentration in pyrite in UCBS (~181 ppm). However, concentration of Se in Py2a and 
Py3 from the NPM are higher than in Py1 whereas Se in Py2a, Py2b, and Py3 from the Mt. 
Torrens prospect are lower in concentration suggesting that the process of remobilization 
of Se related to metamorphism is complicated and is likely related to various 
physicochemical parameters.  
     Arsenic occurs as a nonstoichiometric substitution in pyrite and shows elevated 
concentrations in Py1 from the NPM (mean = 3167 ppm As) and Mt. Torrens prospect 
(mean = 1762 ppm) compared to pyrite in UCBS (mean = 1550). One analysis of Py1 from 
the NPM contained ~1.54 wt. % As. However, the during the growth of Py2a and Py2b As 
was not readily incorporate (<70 ppm), resulting in concentrations considerably less than 
Py1 (Cook and Chryssoulis, 1990; Huston et al., 1995; Kampmann et al., 2018) (Fig. 6b). 
Arsenic can show large compositional variations in pyrite with concentrations of up to 19 
wt. % As (Reich et al., 2005). The incorporation of As into the lattice of pyrite, by 
substituting for S, creates an overall charge imbalance and distortion of the lattice, and 
allows for coupled substitution with elements such as Au, Mn, and Sb (Cook and 
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Chryssoulis, 1990). However, Au and Sb are below detection limits and the mean Mn 
content of Py1 from both the NPM and Mt. Torrens is <10 ppm. The mean concentrations 
of As in Po1 from the NPM and Mt. Torrens are 24 and 105 ppm, respectively, which is 
more than an order of magnitude less than in Py1 from the same locations. Similar behavior 
was reported previously by Thomas et al. (2011) for coexisting pyrite and pyrrhotite from 
the Bendigo Au deposit and is due to the lower solubility of As in pyrrhotite. Although 
primary arsenopyrite locally occurs in the NPM and Mt. Torrens prospect, the only other 
As-bearing minerals that has been reported in the NPM are rare niccolite and löllingite in 
late tension gash veins (Graham, 1978).  
     The rapid precipitation of sedimentary pyrite (framboidal, colloform, and spongy 
textures) results in the incorporation of many trace elements and inclusions, which can lead 
to high concentrations of trace elements (e.g., Cu, Pb, Zn, Mo, Au, and Tl) loosely held in 
the structure of pyrite (Huston et al., 1995). The trace element concentration of Cu, Pb, and 
Zn in the NPM and Mt. Torrens prospect generally show values <25 ppm and are depleted 
relative to pyrite in UCBS, which show concentrations on the order of 100’s ppm (Fig. 7e-
f; Table 4). During recrystallizing of pyrite, Cu, Pb, and Zn were released from its structure 
and resulted in the formation of discrete grains or intergrown masses of chalcopyrite, 
sphalerite, and galena along the grain boundaries of Py1 and Po1, as well as in tension 
gashes. This suggests that the base metal sulfides found in the NPM and Mt. Torrens are 
most likely a result of the expulsion of trace elements during recrystallization of pyrite and 
that mobility of these phases was restricted to a maximum of a few meters as indicated by 
their presence in sulfide veins. However, it is important to acknowledge that non-sulfides 
could have potentially been a sink for these base metals as well. Hammerli et al. (2015) 
		
37	
evaluated the potential mobilization of Pb and Zn in staurolite- and sulfide-absent 
metasedimentary rocks in the eastern part of the Kanmantoo Trough during metamorphism. 
They showed that 95% of the bulk rock Zn and 50% of the bulk rock Pb were hosted in 
biotite and muscovite. Feldspar was also a major sink for Pb. Pyrite 1 in NPM and Mt. 
Torrens is in equilibrium with biotite, muscovite, and feldspar and therefore these silicates 
must also be considered as a potential sink for the base metals, although it is more likely 
that Cu, Pb, and Zn formed sulfides rather than being partitioned into the silicates. 
 
7.3. Pyrite Zonation 
     During metamorphism, pyrite either forms metamorphic overgrowths on earlier formed 
diagenetic, sedimentary or hydrothermal pyrite (e.g., Large et al. 2007, Genna and 
Gaboury, 2015) or is recrystallized (e.g., Huston et al. 1995; Wagner and Boyce, 2006). 
Kampmann et al. (2018) noted the presence of pyrite grains with inclusion-rich cores in 
the metamorphosed Falun deposit, which they interpreted as relic pre-metamorphic pyrite, 
surrounded by an inclusion-free metamorphic rim. In their study, the cores of pyrite were 
enriched in Cu, Pb, Zn, Sn, Sb, and Au, and the rims were depleted suggesting that they 
were expelled during metamorphism whereas Co was retained in the core and rim. 
Petrographic studies of pyrite from the NPM and Mt. Torrens show that Py1 is generally 
free of inclusions but locally Py1 can contain a core of fine-grained inclusions of pyrrhotite, 
sphalerite, rutile, and biotite, and inclusion-free rims. For grains of Py1 that contain an 
inclusion-rich core, Ni and As are more-enriched in the core and track the shape of the 
margin of the inclusions. Cobalt is also enriched in the core but does not match the pattern 
outlined by Ni and As (Fig. 9). For most inclusion-free grains of Py1, Co and Ni show a 
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similar compositional profile (Fig. 8a, c), whereas, in other grains, Co and Ni have different 
patterns indicating that they may have been decoupled during the growth of some grains 
(Fig. 8b).  It is possible that the difference in the distribution of Co, Ni, and As in the cores 
of some grains reflects the incorporation of more than one relic grain of pyrite that had 
different compositions, which were preserved within the growing pyrite aggregate. The 
Co, Ni, and As contents were then preserved during subsequent metamorphism. The 
concentration of more loosely held trace elements such as Pb show more spiky patterns 
that do not show compositional breaks at the margins of inclusion-filled cores. 
 
7.4. Trace Element Compositions of Pyrite, Pyrrhotite, Chalcopyrite, Sphalerite and 
Galena in the Kanmantoo Group 
     Although pyrite, pyrrhotite, sphalerite, galena, and chalcopyrite were analyzed from the 
NPM and Mt. Torrens, a limited number of trace element analyses of sulfides from the 
Kanmantoo Cu-Au deposit (pyrrhotite, chalcopyrite), Wheal Ellen Pb-Zn-Ag-(Cu-Au) 
(sphalerite, galena), and Angas Pb-Zn-Ag (sphalerite, pyrrhotite, chalcopyrite) were also 
obtained (Tables A3-A6). The concentrations of Zn, V, Cr, and Ge in subhedral to euhedral 
metamorphic Py1 from the Angas and Wheal Ellen deposits are similar to those in Py1 
from the NPM, pyritic schists, and the Mt. Torrens prospect, whereas the Ti, Mn, Co, and 
Ni contents of Py1 from Angas and Wheal Ellen are lower. The concentration of Cu in Py1 
from the Angas deposit is approximately twice as high, and Pb in Py1 from the Wheal Ellen 
deposit is an order of magnitude higher than the concentrations of Cu and Pb in Py1 from 
the NPM, pyritic schists, and the Wheal Ellen deposit (Table 3).   
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     The trace element concentrations of Py1 from the deposits studied here generally 
overlap those in pyrite from other metamorphosed ore deposits (Huston et al., 1995; Gadd 
et al., 2016; Genna and Gaboury, 2015; Kampmann et al., 2018), although the Co 
concentration of Py1 are higher than in pyrite from other metamorphosed deposits. It is 
unclear whether this Co enrichment is a function of the metamorphic grade or whether 
sedimentary rocks in the Kanmantoo are more enriched in Co.  
     Large et al. (2014) and Swanner et al. (2014) showed that Co is a bioessential element 
that was less enriched in Phanerozoic black shales relative to those that formed during the 
Precambrian. Swanner et al. (2014) proposed that enrichment of Co in Phanerozoic euxinic 
black shales is related to ocean anoxic events. The Co content of pyrite in Cambrian black 
shales from the Kallsedet (Sweden), and the Bulgobac River and Arthur River (Tasmania) 
areas reported by Large et al. (2014) showed large variations (0 to 449 ppm Co, average = 
117 ppm, n = 57). Such variations are related to nutrient flux, which in turn is dependent 
on the rates of physical erosion and chemical weathering of the host rocks, along with the 
atmospheric composition and environmental conditions (Large et al., 2015). The average 
values of Co in pyrite in the Nairne Pyrite Member is 1254 ppm (n= 77), which is 
considerably higher than that reported by Large et al (2014) from Cambrian black shales.  
The source of sediments in the Kanmantoo Group is considered to be the Proterozoic 
Adelaidean rocks, which consist of metasediments, metavolcanics, and granitoids 
(Belperio et al., 1998). It is conceivable that mafic igneous rocks, which are commonly 
enriched in Co (e.g., Mookherjee and Philp, 1979) may have contributed some of the Co. 
However, the elevated average Co contents of pyrite from the Mt. Torrens (2235 ppm), 
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Angas, (702 ppm), and Wheal Ellen deposits (Table 4) supports the concept of a 
hydrothermal contribution of Co to the pyrite.  
     Although only based on five analyses from the Angas and Kanmantoo deposits, the 
concentration of most trace elements in pyrrhotite from these two deposits is generally 
lower than Po1 from the NPM, pyritic schists, and the Mt. Torrens prospect. The exceptions 
are the concentrations of Co, Zn, and Se in pyrrhotite from the Kanmantoo deposit, which 
are higher than in pyrite from the sulfide deposits near the base of the Kanmantoo Group. 
     The number of studies involving the trace element compositions of chalcopyrite, 
sphalerite, or galena in metamorphosed massive sulfide deposits is limited but includes 
those for one or more of these sulfides from the Dry River South polymetallic deposit, 
Queensland (Huston et al., 1995), the Mofjellet Pb-Zn and Bleikvassli Pb-Zn-(Cu) 
deposits, Norway (Lockington et al., 2014; George et al., 2016), the Broken Hill Pb-Zn-
Ag deposit, Australia (Lockington et al., 2014; George et al., 2016), and the Falun Zn-Pb-
Cu-(Au-Ag) deposit, Sweden (Kampmann et al., 2018). Cook et al. (2009) determined the 
composition of sphalerite from the Zinkgruvan, Marketorp, and Kaveltorp massive sulfide 
deposits in the Bergslagen district, Sweden, while Lockington et al. (2014) analyzed the 
trace and minor element concentration of sphalerite from the Sulitjelma, and Røros 
deposits, Norway, and proposed that Pb, Bi, and, to a lesser extent, Cu and Ag decreased 
as metamorphic grade increased from the upper greenschist to granulite facies, whereas 
Mn, Fe, Cd, In and Hg contents showed no relationship to metamorphic grade. Lockington 
et al. (2014) concluded that the composition of sphalerite was also dependent on the 
concentration of various trace elements in the primary metal source, the partitioning of 
trace elements between sphalerite and coexisting metallic minerals, and physical and 
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chemical conditions of the premetamorphic ore-forming fluid. George et al. (2016) 
evaluated the partitioning of trace elements among coexisting sphalerite chalcopyrite, 
galena, and sphalerite for a variety of deposits including Mofjellet, Bleikvassli, Sulitjelma, 
and Broken Hill, and proposed that partitioning was not affected by physicochemical 
conditions such as redox, T, P, and metal source in the pre-metamorphic ore forming fluid 
but was likely dependent on the radius, element availability, and oxidation state of the 
substituting element, along with the maximum amount of a trace element that chalcopyrite, 
sphalerite, and galena could accommodate.  
     The trace element compositions of sphalerite from the NPM, and the Mt. Torrens, 
Wheal Ellen, and Angas deposits are similar to the compositions reported by Lockington 
et al. (2014) and George et al. (2016) for the Mofjellet, Bleikvassli, Sulitjelma, and Broken 
Hill deposits, except for Mn and Cd, which show elevated concentrations. Sphalerite in the 
NPM and the Mt. Torrens prospect contain up to 8.0 and 6.8 wt.% Mn, respectively (Fig 
13b), which is consistent with the presence of Mn in calc-silicates in the NPM, and Mt. 
Torrens prospect (e.g., spessartine garnet, Mn-bearing tremolite, Mn-bearing calcite, and 
epidote). Tin was the only trace element that was not partitioned into the predicted phase 
(sphalerite); instead it is more concentrated in chalcopyrite. According to George et al. 
(2016), Sn is only preferentially partitioned into chalcopyrite when the sulfides have been 
recrystallized, which is the case for sulfides in the current study. 
     Where present in the deposits, galena and chalcopyrite also show values similar to those 
reported for other metamorphosed massive deposits evaluated by George et al. (2016). Like 
pyrite, the only trace elements in chalcopyrite of significant concentrations are those held 
stoichiometrically in the lattice (Zn, Ag, In, and Sn; Huston et al., 1995), The mean 
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concentrations of Zn in chalcopyrite from NPM and Mt. Torrens are >1000 ppm and are 
more than double the amount in chalcopyrite from the Kanmantoo, Angas, Broken Hill, 
and Bleikvassli deposits. The other elements that are loosely held in the structure of 
chalcopyrite (e.g., Ag, In, and Sn) in the Kanmantoo Group show concentrations <30 ppm. 
The trace element contents of galena were obtained only from the Mt. Torrens and Wheal 
Ellen deposits. The Bi concentrations of galena were notably higher (mean =. 1401 ppm 
and 4813 ppm, respectively) compared to their concentrations in galena from the 
metamorphosed deposits evaluated by George et al. (2016), which generally range from 4 
to 1300 ppm. Concentrations of As, Se, Cd and Sn are also slightly elevated in galena from 
the Mt. Torrens prospect compared to those in galena from the Wheal Ellen deposit and 
those reported by George et al. (2016) from the Bleikvassli, Broken Hill, and Mofjellet 
deposits. 
 
7.5. Relationship between Nairne Pyrite Member and Base Metal Deposits in the 
Tapanappa Formation 
     Recent studies have suggested various origins for the Cu-Au (e.g., Kanmantoo) and Pb-
Zn-Ag-(Cu-Au) deposits in the Tapanappa Formation, including syngenetic (e.g., 
Seccombe et al., 1985; Toteff, 1999; Pollock et al. 2018), syn-metamorphic (e.g., Oliver et 
al., 1998), post-peak metamorphic (e.g., Foden et al., 1999; Schmidt Mumm et al., 2009), 
and magmatic models (Rolley, 2018). Mass-balance calculations by Hammerli et al. (2015) 
suggest that considerable amounts of Pb and Zn can be released from staurolite-absent 
metasedimentary rocks during prograde metamorphism in the Kanmantoo Group, with Cu 
showing no appreciable release. However, unlike Au, which can be released to form 
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metamorphogenic gold deposits during prograde metamorphism (e.g., Pitcairn et al., 2006; 
Tomkins, 2010), other studies have interpreted their data to suggest that silicates such as 
biotite and feldspar retain Pb and Zn to mid-crustal conditions and do not carry Cu, Pb, and 
Zn in solution effectively to form orogenic base metal deposits (e.g., Pitcairn et al., 2006; 
Yardley and Cleverley, 2015; Zhong et al., 2015; Finch and Tomkins, 2017). Moreover, 
evidence for metamorphic remobilization of base metal sulfides (chalcopyrite, sphalerite, 
galena) from Py1 and Po1 in the NPM occurs only at the microscopic to mesoscopic 
(meter) scale and likely represents solid-state remobilization into tension gashes and 
fractures (George, 1969a).  It is therefore unlikely that the base metals released from pyrite 
and pyrrhotite during metamorphic recrystallization were remobilized several kilometers 
up through the stratigraphic sequence to form the Cu-Au and Pb-Zn-Ag deposits in the 
overlying Tapanappa Formation.  
     In the syngenetic model of Seccombe et al. (1985), deep hydrothermal convective cells 
leached metals from the underlying basal sediments (including the NPM) to form the Cu-
Au and Pb-Zn-Ag deposits in the Tapanappa Formation. Based on the sulfur isotope 
compositions of sulfides in the NPM, pyritic schists and all the base metal sulfide deposits 
studied here, Seccombe et al. (1985) suggested that sulfur was extracted by hydrothermal 
leaching of the pyritic schist and incorporated in sulfides in the Tapanappa Formations. 
That base metals were also leached from the NPM and the smaller pyritic schist horizon in 
the Kanmantoo Group remains a possibility, but it is likely that they were minor sources 
given the volume of the iron sulfide-bearing units relative to the volume of the thick 
sedimentary package in the Kanmantoo Trough. Mass-balance considerations by Gum 
(1998) and Pollock et al. (2018) suggest that there was more than sufficient base metals 
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within the premetamorphic clastic rocks in the Kanmantoo Group to account for the amount 
of base metal sulfides in the various syngenetic deposits in the Tapanappa Formation. 
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CHAPTER 8 
CONCLUSIONS 
 
     1. Despite metamorphic recrystallization during prograde metamorphism, the 
concentrations of stoichiometric trace elements in pyrite (Co, Se, As) from the Kanmantoo 
Group represent those of the pre-metamorphic pyrite (i.e. diagenetic, sedimentary) and 
were not expelled from its structure during metamorphism. 
     2. The Co/Ni ratio of pyrite from the Nairne Pyrite Member (NPM) and Mt. Torrens are 
higher than those for pyrite in unmetamorphosed Cambrian black shales, which could be 
due to: 1) The high abundance of primary pyrrhotite (~50%), which acts as a sink for Ni, 
and 2) The Co concentrations in Kanmantoo Trough were higher than in the basins hosting 
the unmetamorphosed Cambrian black shales to which they were compared. 
     3. Metamorphism to the amphibolite facies produced a decrease in the amount of trace 
elements included in pyrite from the NPM and Mt. Torrens prospect as nonstoichiometric 
substitutions and mineral inclusions (e.g., Cu, Pb, Zn) to form chalcopyrite, galena, and 
sphalerite in situ or as remobilized base metal sulfides in veins no more than a few meters 
in length. 
     4. There is no evidence to suggest that metals in pyrite and pyrrhotite from the NPM 
were released to metamorphic fluids during recrystallization to produce Cu-Au and Pb-Zn-
Ag deposits higher in the stratigraphic sequence (i.e. Tapanappa Formation). The likely 
source of these metals was the thick package of sediments in the Kanmantoo Group, 
including a minor amount from the Nairne Pyrite Member. 
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FIGURES 
 
Fig. 1. Geologic map of the Kanmantoo region showing the location of the Nairne 
PyriteMember and the Mt. Torrens prospect in the Talisker Formation and the Pb-Zn-Ag-
Cu-Au) and Cu-Au deposits in the Tapanappa Formation. Structural features, lithologies, 
and known intrusive rocks are shown. Inset shows the location of the Kanmantoo area in 
Australia (modified after Toteff, 1999; Chen and Liu, 1996). 
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Fig. 2. Photos of pyritic units along the South Eastern Freeway. a. Thin laminae of pyrite 
(Py1) and pyrrhotite (Po1) interbedded with meta-graywacke in the Nairne Pyrite Member 
that is cross-cut by remobilized quartz-carbonate vein containing Py2. Located 5 km SW 
of the Kanmantoo Cu-Au deposit. b. Rusty colored pyritic schist unit (~3 m wide) 
interbedded with meta-graywackes. Weathered muscovite and quartz form an apron below 
and to the right of the pyritic schist. Located 2 km SW of the Kanmantoo deposit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a b
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Fig. 3. Simplified geologic map of the Nairne Pyrite Member at the Brukunga Fe-S deposit, 
showing the spatial relationship and dimensions of the Fe sulfide-rich horizons (Orebody 
1, Orebody 2 and Orebody 3) and the sulfide-poor meta-graywackes (Wastebody “A” and 
Wastebody “B”) along with the location of DDH-9 (modified after George, 1969b). 
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Fig. 4. Simplified geologic map of the Mt. Torrens Pb-Zn-Ag prospect showing its location 
at the stratigraphic base of the Talisker Formation (modified after Skwarnecki et al., 2002).  
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Fig. 5. Photomicrographs in reflected, plane-polarized light of sulfide textures from the 
Nairne Pyrite Member at the Brukunga Fe-S mine and the Mt. Torrens Pb-Zn prospect. a. 
Subhedral Py1 with an inclusion-rich core and an inclusion-free rim (Brukunga). b. 
Monomineralic layer of Py1with annealed grain boundaries, fine-grained disseminated Po1 
laths, and a subhedral Py1 grain with inclusion-rich core in a quartz-muscovite matrix 
(Brukunga). c. Large fractured euhedral Py1 and anhedral Po1 armored by cataclastically 
deformed Py2a (Brukunga). d. Euhedral Py1 surrounded by an anhedral mass of Py2b, 
which is only found in calc-silicate lithologies (Mt. Torrens). e. Secondary melnikovite 
(Py3) showing concentric fractures (Brukunga). f. Coexisting sphalerite and chalcopyrite 
along the contact of euhedral Py1 and anhedral Po1 (Brukunga). g. Boulangerite 
(Pb5Sb4S11), arsenopyrite and pyrrhotite (Po1) hosted within galena in a tension fracture 
(Brukunga). h. Galena, sphalerite and pyrrhotite infilling fractures in Py1 (Mt. Torrens). 
Abbreviations: Apy = arsenopyrite; Bl = boulangerite. Cp = chalcopyrite; Gn = galena; Po 
= pyrrhotite; Py = pyrite; Sp = sphalerite. 
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Fig. 6. Box and whisker plots of trace element contents of the different types of pyrite from 
the Nairne Pyrite Member (NPM) at the Brukunga mine, Mt. Torrens Pb-Zn prospect, and 
pyritic schists, along with the range of compositions of pyrite in unmetamorphosed 
Cambrian black shales (UCBS) of Large et al. (2014) for (a) Co, (b) As (c) Ni, and (d) Se. 
Solid box = 25th to 75th percentile, bar = median, whiskers extend to the furthest point 
within 1.5 times the interquartile range from the box, and points = outliers.  
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Fig. 7. Bivariate plots of trace element concentrations of different types of pyrite from the 
Nairne Pyrite Member (NPM) at the Brukunga mine, Mt. Torrens Pb-Zn prospect, and 
pyritic schists, along with the range of compositions of pyrite in unmetamorphosed 
Cambrian black shales (UCBS) of Large et al. (2014) for a. Co (ppm) vs. Ni (ppm). The 
sloping lines are Co:Ni ratios. b. As (ppm) vs. Ni (ppm). c. As (ppm) vs. Se (ppm). d. As 
(ppm) vs. Sb (ppm). e. Cu (ppm) vs. Zn (ppm). f. Cu (ppm) vs. Pb (ppm).  
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Fig. 8. Photomicrographs in reflected, plane-polarized light of pyrite from the NPM and 
Mt. Torrens prospect with the corresponding LA-ICP-MS depth profile (counts per second 
vs. time) for the traverse A-A’ for the elements As, Co, Cu, Fe, Ni, Pb, and Zn. a. Subhedral 
Py1 with a Co-poor core and micro-inclusions of PbS. There is a weak correspondence 
between the concentration of Co and Ni. b. Rounded anhedral Py1 showing Co, Ni, and As 
zonation. Cobalt is enriched in the core and corresponds to the zonation of As. In places Ni 
shows an antithetic relationship with As. c. Euhedral inclusion-free Py1 armored by 
cataclastically deformed Py2a, showing a significant difference in the trace element profile 
for Co, Ni, and As between the two generations. Abbreviations: Py = pyrite; Sp = 
sphalerite.  
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Fig. 9.  Laser ablation-ICP-MS trace element maps (Co, Ni, and As) of Py1 showing an 
inclusion-rich core. The elemental maps reveal that Ni and As follow the outline of the 
inclusion-rich core whereas the enrichment of Co only occurs on the right-hand side of the 
core. 
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Fig. 10. Bivariate plots of trace element concentrations for Py1 rims and cores from the 
NPM (Brukunga) and Mt. Torrens. Both the rims and cores plot within the Py1 
compositional field and can be distinguished from Py2. a. Ni vs. Se. b. Co vs. Ni.  
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Fig. 11. Laser ablation-ICP-MS trace element maps of Py1 (Co, Ni and As) armored by 
cataclastically deformed Py2a from a pyritic schist unit. Cobalt is enriched in Py1 relative 
to Ni the latter of which is enriched in Py2a. An enrichment in As occurs along the rim of 
Py1.  
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Fig. 12. Principal component analysis of pyrite for 11 trace elements that were typically 
above detection limits (i.e., As, Co, Cr, Cu, Ge, Mn, Ni, Pb, Se, V, and Zn). a. Score plot 
of the first two principal components with percent variance for component 1 and 2 on the 
x and y axes, respectively. b. Loading plot showing the vector representation between the 
elements and the components. Elements with values closer to 1 are more affected by the 
components.   
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Fig. 13. Histograms showing the compositional variance of sphalerite between deposits in 
the Kanmantoo Group. a. Fe content of sphalerite (wt.%). b. Mn content of sphalerite 
(wt.%). 
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                                                                TABLES 
 
 
 
 
 
 
 
Table 1
Mineral Formula Nairne 
Pyrite 
Member
Pyritic 
Schist
Mt. 
Torrens
Cu-Au Pb-Zn-Ag
Pyrite FeS2 XXX XXX XXX X XXX
Marcasite FeS2 XX XX XX XX XX
Pyrrhotite Fe1-xS XXX XX XX XXX XX
Magnetite Fe3O4 X XX XXX XX
Ilmenite FeTiO3 X
Chalcopyrite CuFeS2 XX X XX XXX XX
Cubanite CuFe2S3 X X
Covellite CuS X
Chalcocite Cu2S X
Sphalerite ZnS XX XXX XX XXX
Galena PbS X XXX X XXX
Arsenopyite FeAsS X X XX XX
Tetrahedrite Cu12AsS13 X X X
Freibergite (Ag,Cu,Fe)12(Sb,As)4S13 X
Boulangerite Pb5Sb4S11 X X
Pyrargyrite Ag3SbS3 X
Pyrophanite MnTiO3 X
Alabandite MnS X
Ullmanite NiSbS X
Breithauptite NiSb X
Gudmundite FeSbS X
Pentlandite (Fe,Ni)9S8 X X
Niccolite NiAs X
Native nickel Ni X
Manganchromite (Mn,Fe)(Cr,V)2O4 X
Stannite Cu2SnFeS4 X
Native silver Ag X
Native gold Au X
Native bismuth Bi X
Bismuthinite Bi2S3 X
Laitakarite Bi4(S,Se)3 X
Mackinawite (Fe,Ni)9S8 X
Cobaltite CoAsS X
Löllingite FeAs2 X
Galenobismutite (?) PbBi2S4 X
Meneghinite CuPb13Sb7S24 X
Palladium diantimonide PdSb2 X
XXX = Major, XX = Minor, X = Trace/rare; Data derived from Graham (1978), and Gum (1998)
Mineralogy of metallic minerals in sulfide-bearing deposits in the Kanmantoo Group.
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Table A4
Trace element compositions of sphalerite from the Kanmantoo Group.
Number of analysis
Element Mean DL Mean High ! Mean High !
Ti ppm 2.34 74.19 688.10 174.84 7.44 11.17 1.87
Mn ppm 0.08 51295.10 105700.00 32139.88 28619.00 45390.00 18869.49
Co ppm 0.10 26.51 240.70 68.98 0.19 0.27 0.07
Ni ppm 0.50 4.41 15.12 4.02 1.78 3.79 0.79
Cu ppm 0.41 135.35 1523.00 319.59 29.27 56.16 11.91
Ga ppm 0.15 24.74 181.10 39.53 16.94 23.71 6.09
As ppm 0.50 11.98 72.23 15.60 6.42 11.40 2.16
Se ppm 3.70 19.31 54.65 14.57 4.62 4.67 0.07
Ag ppm 0.14 2.22 7.20 1.60 1.99 8.00 2.34
Cd ppm 0.74 3189.00 5531.00 1278.74 14441.11 18390.00 2840.79
In ppm 0.05 57.57 87.03 19.23 3.40 5.08 1.86
Sn ppm 0.18 3.19 5.28 1.42 12.80 111.20 36.90
Sb ppm 0.13 2.62 6.34 1.84 0.50 1.00 0.30
Ba ppm 0.60 12.78 46.34 15.24 4.53 11.96 5.04
Pb ppm 0.07 14.48 151.40 31.93 8.30 27.78 8.81
Number of analysis
Element Mean DL Mean High ! Mean High !
Ti ppm 2.34 BDL BDL BDL BDL
Mn ppm 0.08 2929.00 3597.00 486.90 950.60 950.60
Co ppm 0.10 84.08 169.60 96.06 1.18 1.18
Ni ppm 0.50 1.13 1.45 0.26 0.78 0.78
Cu ppm 0.41 121.52 153.30 26.39 645.90 645.90
Ga ppm 0.51 7.32 7.90 0.39 0.68 0.68
As ppm 0.50 3.91 4.41 0.36 1.94 1.94
Se ppm 3.70 BDL BDL 31.01 31.01
Ag ppm 0.14 6.87 7.60 0.61 4.37 4.37
Cd ppm 0.74 2784.00 3204.00 519.17 4361.00 4361.00
In ppm 0.05 141.20 190.40 41.84 85.14 85.14
Sn ppm 0.18 0.60 1.02 0.28 2.26 2.26
Sb ppm 0.13 3.47 4.72 1.50 2.28 2.28
Ba ppm 0.60 BDL BDL 1.08 1.08
Pb ppm 0.07 133.84 442.70 205.93 22.25 22.25
Mean DL = Mean detection limit (ppm), ! = One standard deviation of mean, 
BDL = Below detection limit
Location Angas Pb-Zn 
1
Location Nairne Pyrite Member Mt. Torrens Pb-Zn-Ag
Wheal Ellen Pb-Zn-Ag
21 9
4
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Table A5
Trace element compositions of chalcopyrite from the Kanmantoo Group.
Number of analysis
Element Mean DL Mean High ! Mean High !
Mn ppm 0.08 346.09 1568.00 508.87 148.04 1173.00 362.48
Co ppm 0.10 14.16 63.96 24.26 52.72 416.30 146.91
Ni ppm 0.50 76.68 348.80 110.02 92.15 725.60 238.59
Zn ppm 0.51 1132.46 6863.00 2155.63 1428.37 9011.00 2722.10
As ppm 0.50 123.22 838.20 268.57 78.60 337.70 116.90
Se ppm 3.70 17.30 46.84 12.32 27.91 33.04 4.88
Rh ppm 4.24 9.46 2.91 5.16 16.03 5.35
Pd ppm 10.19 21.83 6.01 7.94 18.11 5.16
Ag ppm 0.14 38.20 182.00 56.82 25.82 57.80 17.19
Cd ppm 0.74 6.31 26.93 9.29 35.15 227.00 68.58
In ppm 0.05 4.41 11.94 3.90 29.45 121.20 43.09
Sn ppm 0.18 291.31 586.70 207.56 25.18 130.20 38.18
Sb ppm 0.13 13.41 28.05 10.36 5.17 20.92 7.49
Pb ppm 0.07 17.53 48.27 15.93 13.91 52.51 19.19
Number of analysis
Element Mean DL Mean High ! Mean High !
Mn ppm 0.08 4.09 19.82 6.95 1.67 2.28 0.86
Co ppm 0.10 43.82 179.20 75.31 BDL BDL
Ni ppm 0.50 3.87 15.04 4.98 1.15 1.31 0.22
Zn ppm 0.51 346.24 995.60 331.24 431.05 461.20 42.64
As ppm 0.50 21.66 41.76 11.27 27.42 29.85 3.44
Se ppm 3.70 122.69 219.50 61.99 18.18 19.38 1.70
Rh ppm 2.42 3.20 0.62 3.61 3.69 0.11
Pd ppm 6.51 8.96 1.90 9.19 9.43 0.34
Ag ppm 0.14 11.39 19.31 4.69 24.56 26.74 3.09
Cd ppm 0.74 2.62 3.66 1.02 1.26 1.26
In ppm 0.05 11.27 29.44 10.63 8.50 11.42 4.13
Sn ppm 0.18 88.78 264.30 101.53 8.07 9.78 2.41
Sb ppm 0.13 0.20 0.24 0.05 2.37 3.80 2.02
Pb ppm 0.07 23.30 81.45 37.97 9.73 9.74 0.01
Mean DL = Mean detection limit (ppm), ! = One standard deviation of mean, 
BDL = Below detection limit
7 2
Location Nairne Pyrite Member Mt. Torrens Pb-Zn-Ag
9 10
Location Kanmantoo Cu-Au Angas Pb-Zn
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Table A6
Trace element compositions of galena from the Kanmantoo Group.
Number of analysis
Element Mean DL Mean High ! Mean High !
Co ppm 0.10 1.02 2.76 1.17 0.69 1.40 0.54
Ni ppm 0.50 1.62 2.33 0.48 1.31 1.86 0.49
Cu ppm 0.41 102.95 379.80 184.88 5.80 13.29 4.02
Zn ppm 0.51 206.96 735.50 352.56 194.91 717.70 283.58
As ppm 0.50 160.72 304.70 150.00 46.13 100.70 42.98
Se ppm 3.70 614.20 1593.00 739.64 18.42 30.97 8.42
Ag ppm 0.14 1931.18 3137.00 1253.10 2520.76 5021.00 2261.52
Cd ppm 0.74 277.03 588.30 220.01 11.32 22.38 7.40
Sn ppm 0.18 232.57 501.10 263.19 54.27 107.70 45.69
Sb ppm 0.13 1035.67 2192.00 1099.44 950.89 1879.00 801.06
Ba ppm 0.60 19.61 37.68 18.05 32.58 48.22 14.63
Tl ppm 0.07 73.81 182.80 76.47 255.49 621.00 315.81
Bi ppm 0.04 1401.30 2021.00 583.55 4813.53 10220.00 4657.49
Mean DL = Mean detection limit (ppm), ! = One standard deviation of mean
Location Mt. Torrens Pb-Zn-Ag Wheal Ellen Pb-Zn-Ag
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Table A13
Trace element compositions of pyrrhotite from Mt. Torrens.
Location Mt. Torrens
Sample NP-67 NP-67 NP-68 NP-68 NP-70 NP-70 NP-73 NP-73 NP-73
Depth (m) 255.0 255.0 259.3 259.3 287.7 287.7 303.5 303.5 303.5
Pyrrhotite 
type
Po1 Po1 Po1 Po1 Po1 Po1 Po1 Po1 Po1
24Mg 0.891 0.115 5.474 65.32 4.665 BDL 1.459 1.27 0.276
43Ca BDL BDL BDL 302.9 BDL BDL BDL BDL BDL
44Ca 68.09 71.84 259.6 391.5 152.2 145.3 146.2 143.1 128.8
45Sc BDL 0.177 0.464 0.586 0.387 BDL BDL BDL 0.353
47Ti BDL BDL BDL BDL BDL BDL BDL BDL BDL
51V 1.467 1.298 9.533 7.233 4.482 4.392 4.621 3.969 4.042
52Cr 4.64 4.372 16.43 19.56 13.23 12.78 12.96 11.46 12.04
55Mn 21.67 16.14 16.67 99.69 6.734 5.528 75.09 51.93 85.8
59Co 99.4 76.15 BDL 0.295 154.7 130.7 61.68 67.58 64.53
60Ni 129.1 90.36 585 485.5 300.4 392 405.3 325.1 419.5
63Cu 0.47 0.519 1.529 4.151 0.982 0.612 1.007 0.933 12.07
65Cu 1.047 0.646 4.38 6.114 1.87 1.555 2.093 1.978 12.55
66Zn 0.928 0.874 7.156 9.075 1.479 1.38 2.215 2.2 1.935
67Zn BDL BDL BDL 5.752 BDL BDL 15.94 BDL BDL
71Ga BDL BDL BDL 0.21 BDL BDL BDL BDL BDL
72Ge 0.754 0.685 8.725 3.29 2.138 2.331 2.24 1.863 2.419
75As 9.567 6.451 104.8 85.89 91.08 66.94 42.6 86.29 71.29
77Se 22.64 12.71 34.96 28.01 14.78 14.83 17.19 20.57 17.85
82Se 27.43 13.61 46.16 41.03 18.81 19.59 24.72 26.55 31
85Rb BDL BDL BDL 0.243 BDL BDL BDL BDL BDL
88Sr BDL BDL 0.251 1.513 BDL BDL BDL BDL BDL
95Mo BDL BDL BDL BDL BDL BDL BDL BDL BDL
107Ag BDL BDL 1.538 16.91 0.472 BDL BDL 0.315 BDL
111Cd BDL BDL BDL BDL BDL BDL BDL BDL BDL
115In BDL BDL BDL BDL BDL BDL BDL BDL BDL
118Sn 0.104 0.113 0.747 0.645 0.31 0.346 0.294 0.413 0.31
121Sb BDL BDL 48.71 3.249 BDL BDL BDL BDL BDL
133Cs BDL BDL 0.165 BDL BDL BDL BDL BDL BDL
137Ba BDL BDL BDL 6.096 BDL BDL BDL BDL BDL
182W BDL BDL BDL BDL BDL BDL BDL BDL BDL
205Tl BDL BDL BDL BDL BDL BDL BDL BDL BDL
206Pb 0.771 0.21 80.88 45.13 5.06 2.557 4.228 8.384 4.919
207Pb 0.579 0.186 83.37 39.2 5.469 2.685 4.921 8.251 4.013
208Pb 1.242 0.206 82.03 42.86 5.244 2.585 4.13 8.215 7.815
209Bi 0.107 0.093 BDL 0.148 1.569 0.458 0.177 0.331 0.09
232Th BDL BDL BDL BDL BDL BDL BDL BDL BDL
Units = ppm; BDL = Below detection limit
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Table A14
Trace element compositions of pyrrhotite from deposits in the Kanmantoo Group.
Location Angas Kanmantoo Pyritic schist
Sample Ang-12 Ang-20A Ang-20A KMT-149-305 KMT-149-305 NP-142 NP-142
Depth (m) 194.0 206.0 206.0 305.0 305.0 110.5 110.5
Pyrrhotite 
type
Po1 Po1 Po1 Po1 Po1 Po1 Po1
24Mg 53.22 0.864 0.706 0.232 0.646 0.449 0.29
34S 8725 4887 6693 5082 4299 4269 3789
43Ca 116.4 BDL BDL BDL BDL BDL BDL
44Ca 111.3 133.4 116.2 106.5 122 101 108.5
45Sc 0.068 0.28 0.264 0.202 0.257 BDL BDL
47Ti 1.563 BDL BDL BDL BDL BDL BDL
51V 0.598 0.911 0.866 0.69 0.782 0.617 0.685
52Cr 1.888 3.133 2.941 2.752 2.909 2.19 2.398
55Mn 10.84 1.074 1.139 0.848 1.211 23.98 19.06
57Fe 126200 261400 349900 255500 213900 195200 182700
59Co 0.935 BDL BDL 173.2 73.39 19.03 9.734
60Ni 1.404 38.63 18.9 58.67 27.55 155.6 129.3
63Cu 1.907 1.106 1.368 1.333 2.121 1.013 1.033
65Cu 2.081 1.37 1.389 1.488 2.155 1.246 1.102
66Zn 21.19 1.124 1.511 BDL 6.31 BDL BDL
67Zn 16.7 BDL BDL BDL 5.42 BDL BDL
71Ga 0.199 BDL BDL BDL BDL BDL BDL
72Ge 0.352 1.362 1.356 1.067 0.804 0.862 0.845
75As 19.14 6.995 13.37 13.32 8.01 5.914 5.551
77Se 2.216 13.41 17.41 108.8 79.15 8.433 7.986
82Se 3.881 18.7 22.09 133.2 88.12 9.122 9.602
85Rb 0.099 BDL BDL BDL BDL BDL BDL
88Sr 0.19 BDL BDL BDL 0.122 BDL BDL
95Mo 0.057 BDL BDL BDL BDL BDL BDL
107Ag 1.081 1.265 0.858 BDL 0.255 0.199 BDL
111Cd 0.084 BDL BDL BDL BDL BDL BDL
115In 0.006 BDL BDL BDL BDL BDL BDL
118Sn 0.07 BDL BDL BDL BDL BDL BDL
121Sb 0.503 BDL BDL BDL BDL BDL BDL
133Cs 0 BDL BDL BDL BDL BDL BDL
137Ba 0.067 BDL BDL BDL BDL BDL BDL
182W 0.02 BDL BDL BDL BDL BDL BDL
205Tl BDL BDL BDL BDL BDL BDL BDL
206Pb 48.95 3.567 1.441 0.243 1.111 0.657 0.267
207Pb 35.93 3.761 1.569 0.292 1.085 0.616 0.253
208Pb 38.99 4.402 1.529 0.284 1.168 0.505 0.241
209Bi 0.124 0.382 0.195 BDL BDL BDL BDL
232Th 0 BDL BDL BDL BDL BDL BDL
Units = ppm; BDL = Below detection limit
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Table A30
Sample location and drill hole reference. 
Location Sample Drill Hole
Brukunga Fe-S 
deposit
NP-9 - NP-38 Nairne Pyrite 13
Ironstone Ridge NP-39 - NP-64 Nairne Pyrites 110 
Mt. Torrens Pb-Zn-
Ag prospect
NP-65 - NP-90 DD84KA1
NP-91 - NP-107 DD84KA2
NP-108 - NP-114 DD84KA3
NP-115 - NP-126 81mm-D1
NP-127 - NP-138 77mtDD1
NP-139 - NP-145 77mtDD2
NP-146 - NP-150 77mtDD4
NP-151 - NP-154 77mtDD5
Wheal Ellen Pb-
Zn-Ag deposit
NP-155 - NP-157 W3A
NP-158 - NP-162 W6
